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Asymmetric Mitochondrial Inheritance and Retention in the Regulation of Aging in S. 
cerevisiae 
 
Wolfgang M. Pernice 
 
Both an intuitive observation and maybe the most mysterious process of biology, 
aging describes the progressive deterioration of cellular functions with time. Asymmetric 
cell divisions stand at the center of ability to reset age in offspring and for stem cells to 
self-renew. This requires the asymmetric segregation of age-determinants, many of 
which have been identified in the budding yeast Saccharomyces cerevisiae.  
We here use budding yeast to explore fundamental aspects underlying the 
asymmetric inheritance of mitochondria and the concurrent rejuvenation of daughter 
cells. We show that in addition to the preferential inheritance of high-functioning 
mitochondria to daughter cells, a distinct population of high-quality organelles must also 
be retained within the mother cell. We find that both physical retention and qualitative 
maintenance of a distinct mitochondrial population at the mother cell tip depends on 
Mitochondrial F-box protein (Mfb1p) and that MFB1-deletion leads to premature aging. 
Our findings outline a critical balance between the need for daughter cell rejuvenation 
and the requirement to conserve replicative potential within the mother cell.  
The particular mechanism by which Mfb1p functions further lead us to uncover 
a critical role of globally maintained cellular polarity in form of an axial budding pattern 
in lifespan regulation, the functional significance of which thus far remained essentially 
 
unexplored. We also find that the asymmetric localization of Mfb1p depends on 
potentially novel structures of the actin cytoskeleton and the loss of Mfb1p-polarization 
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Aging determinants are asymmetrically distributed during cell division in S. ce- 
revisiae, which leads to production of an immaculate, age-free daughter cell. During this 
process, damaged components are sequestered and retained in the mother cell, and 
higher functioning organelles and rejuvenating factors are transported to and/or are 
enriched in the bud. Here, we will describe the key quality control mechanisms in 
budding yeast that contribute to asymmetric cell division of aging determinants including 
mitochondria, endoplasmic reticulum (ER), vacuoles, extrachromosomal rDNA circles 

















Asymmetric cell division is the process whereby asymmetric inheritance of 
cellular components gives rise to two daughter cells that have different characteristics 
and fates. In multicellular organisms, this process is essential for maintenance and 
renewal of stem and progenitor cell number and for differentiation of progeny.1,2 It also 
occurs in unicellular organisms including bacteria (e.g. Caulobacter crescentus and E. 
coli) and yeast (e.g. S. cerevisiae).3-6 Asymmetric cell division can occur in response to 
either environmental or intrinsic cues. In eukaryotes, asymmetric cell division processes 
are dependent upon the cell polarity machinery and orientation of the mitotic spindle 
relative to fate-determining factors.7 
One important consequence of asymmetric cell division in S. cerevisiae is 
mother–daughter age asymmetry, the phenomenon whereby daughter cells or buds are 
born young, irrespective of the age of their mother cell. Aging in yeast is manifest in two 
different lifespan measurements, which have been valuable models for two distinct 
forms of cellular aging.8 Replicative lifespan, the number of divisions a cell can undergo 
prior to reaching senescence, is a model for aging in division-competent cells. 
Chronological lifespan, the survival time of non-dividing yeast cells in stationary phase, 
is a model for stress resistance in post-mitotic cells. As such, asymmetric cell division 
in budding yeast differentially segregates replicative age between aging mother and 
rejuvenated daughter-cells; whether this process translates into asymmetry in 
chronological lifespans of mother and progeny remains unknown. 
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Aging determinants that undergo asymmetric inheritance, including oxidatively 
damaged protein aggregates, mitochondria, vacuoles, extrachromosomal rDNA circles, 
and proteins with antioxidant activity, have been identified in S. cerevisiae. Moreover, 
emerging studies have revealed a role for the cell polarity machinery in the inheritance 
of these aging determinants. Specifically, the cytoskeleton can serve as a track or force 
generator for polarized transport of aging determinants from mother cells to buds 
(anterograde) and from buds to mother cells (retrograde).9,10 Recent evidence further 
delineated direct roles for the actin cytoskeleton in preventing the inheritance of 
damaged material from mother cells to buds.11 Anchorage of components at their 
delivery sites also promotes asymmetric inheritance of aging determinants 6, for 
example, in S. cerevisiae, higher functioning mitochondria are preferentially trafficked 
to the bud tip and are retained at that site by anchorage to membranes in the bud tip.12 
Moreover, there is evidence that the cytoskeleton participates in driving the movement 
of anchorage proteins, or of the mRNAs that encode them, to their site of action in the 
bud.13 Finally, the cytoskeleton is required both for creation of a diffusion barrier at the 
bud neck, which contributes to maintenance of asymmetry between mother cells and 
buds, and for generation of a rejuvenating environment within the bud.14,15 Such 
rejuvenation processes may promote mother–daughter age asymmetry by acting to 
restore what physical sequestration fails to or cannot accomplish. 
Here, we will discuss the mechanisms for establishing cell polarity in S. 
cerevisiae, determinants that are asymmetrically inherited during yeast cell division, the 
role of the polarity machinery in these events, and how asymmetric cell division 
promotes production of an immaculate daughter cell in yeast. We further discuss how 
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some of the pathways identified in yeast may also act in mammalian systems to promote 
cellular function and fitness in multicellular organisms, including humans. 
1.2. Polarity establishment during cell division in S. cerevisiae: 
The asymmetric inheritance of aging determinants during cell division in budding 
yeast first requires the establishment of cellular polarity. Following selection of a new 
bud-site, the cytoskeleton reorients towards it, resulting in transport of cellular 
constituents from the mother cell to the bud and enabling bud growth. Here, we provide 
an overview of polarization of the actin, tubulin, and septin cytoskeletons during 
polarized growth and cell division in S. cerevisiae. 
The first step in cell division in S. cerevisiae is selection of a bud site. As a 
general model of cellular symmetry breaking, bud site selection in S. cerevisiae occurs 
through locally confined activation of a conserved group of Rho-GTPases around its 
core member Cdc42p.16 At least two partially redundant mechanisms cooperate in 
budding yeast, to establish initial poles of Cdc42p activity at the cell cortex. Once 
established, local Cdc42p activity triggers positive feedback-loops that stabilize and 
amplify Cdc42p activity.  
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A primary process uses cortical landmarks initially established at the birthscar 
(marked by Bud9p) and the pole distal from it (marked by Bud8p), to bias bud-site 
Figure 1: Bud-site selection in S. cerevisiae. Bud-site selection occurs through the 
concerted effort of landmark-dependent and independent mechanisms. a) The 
ancestral birthscar (and budscars in following divisions) and the pole distal to it harbor 
cortical polarity cues that guide bud-scar selection by recruiting the Bud1p-GEF 
Bud5p. In diploid cells competition between birth/bud-scar associated factors Bud9p 
and Bud3p, and the distal polarity cue Bud9p, is balanced leading to a bipolar budding 
pattern. In haploid cells, recruitment of additional factors including Axl1p to Bud9p 
landmarks dominates Bud5p-recruitment leading to a unipolar (axial) budding pattern. 
Invariant budding next to the birthscar also causes haploid daughter cells to bud with 
opposed polarity relative to their mother cells (grey arrows). In both cell types, the 
derivation of cortical landmarks from previous bud-sites allows persistence of a 
general axis of polarity (from distal pole to proximal pole) over multiple generations 




selection to occur adjacent to them through recruitment of Bud5p and Bud2p.17 As GEF 
and GAP respectively, they trigger activation and GTP-cycling of the Ras-like GTPase 
Bud1p/Rsr1p (from here on Bud1p).18,19 By recruiting both Cdc42p and its only known 
GEF, Cdc24p, Bud1p establishes the foundation of the incipient bud-site.20 Moreover, 
by deriving future bud-sites from the polarity cues associated with previous division 
sites, the Bud1p-module maintains a fundamental axis of polarity over multiple divisions 
and indeed facilitates inheritance of this polarity to daughter cells. In diploid cells, 
competition between Bud8p and Bud9p landmarks at opposing poles is balanced and 
leads to a bipolar budding pattern.17 Through recruitment of additional factors including 
Axl1p the Bud8p-landmark dominates in haploid cells and causes unipolar (axial) 
budding. One consequence of this causes daughter cells to bud with reversed polarity 
relative to their mother cells (Fig. 1).  In this these I identify this aspects of the Bud1p 
polarity module as critical to the function of a novel mitochondrial retention mechanism 
that ensures effective daughter-cell rejuvenation in haploid yeast cells.  
Interestingly, bud-site selection can also occur independent of Bud1p. In a 
fundamentally stochastic process, the scaffold protein Bem1p can coordinate 
spontaneous clustering of Cdc24p with Cdc42p and Cla4p, a p21-activated kinase 
facilitating Cdc24p phosphorylation.21 While local Bud1p-activation in WT cells normally 
outcompetes spontaneous Bem1p-mediated Cdc42-clustering, Bem1p mediated 
Cdc42-clustering is sufficient to drive bud-site selection independent of any previously 
established cortical landmarks. As such, in bud1Δ cells, bud-site selection will occur at 
random sites along the cortex.20    
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The concerted action of Bud1p- and Bem1p-mediated clustering of Cdc42 and 
Cdc24 establishes a stabilizing feedback loop recruiting additional Cdc42 molecules 
and activating them. Moreover, Cdc42-GTP acts to trigger formation of the 
“polarisome”, a small network of functionally related Cdc42-effector proteins that 
interact with each other at sites of polarized growth and regulate processes downstream 
of Cdc42p. This network includes Spa2p, a scaffold protein; Pea2p, a protein with 
unknown function; two GAPs, Msb3p and Msb4p, for the Rab protein Sec4p; Bni1p, a 
formin that catalyzes actin polymerization and Bud6p, which binds to actin monomers 
 
Figure 2: Small GTPases facilitate cell polarization in budding yeast. 
Recruitment. of Bud5p by cortical polarity cues activates Bud1p, which triggers local 
association of Cdc42p with its GEF Cdc24. The scaffold protein Bem1p can coordinate 
spontaneous assembly of Cdc42p with Cdc24p even in absence of functional polarity 
cues leading to a random budding pattern. In both cases, active Cdc42p is thought to 
recruit more Bem1p leading to positive feedback. Active Cdc42p further triggers 
assembly of the polarisome and actin-cable nucleation factors Bni1p/Bnr1p which 
polarize the actin cytoskeleton towards the incipient bud site. Delivery of Cdc42p on 







and promotes Bni1p activity.22 The coordinated action of Cdc42p and Bni1p drive the 
nucleation of actin cables – filamentous F-actin structures that extend throughout the 
cell (see below) – from the site of polarized growth and their orientation towards it (Fig. 
2).17 The myosin V motor protein Myo2p uses actin cables as tracks for polarized 
transport of cargo, including exocytic vesicles, towards the incipient bud site. As these 
vesicles harbor additional Cdc42p molecules, active exocytosis establishes a second 
positive feedback loop to stabilize local Cdc42p activity and polarization.23 
 
1.3. Effects of cell polarization on cytoskeletal elements during budding:  
Following successful bud-site selection and polarization during late G1, Cdc42p 
coordinates three F-actin structures – actin cables, patches and the contractile 
actomyosin ring – that fulfill critical functions during S and M-phase. Actin patches are 
endosomes endowed with a coat of F-actin that form in the bud and are believed to be 
critical for recycling of membrane constituents during polarized secretion in the bud. 
Actin cables are staggered assemblies of F-actin filaments bundled together, that align 
along the long axis of dividing cells from bud tip to mother tip and work as tracks and 
motility generators for the bi-directional transport of diverse cargoes during bud-
development.24 
A distinguishing feature of actin cables is their continuous retrograde flow from 
the bud into the mother cell (Fig. 3).25 This retrograde actin cable flow (RACF) is driven 
by two primary forces. First, continuous elongation of actin cables from their site of 
nucleation through insertion of new material at the bud tip or bud neck pushes the 
existing filament into the mother cell.26 This pushing force requires formins (Bni1p and 
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Bnr1p), which stimulate actin polymerization for actin cable assembly, the ABPs fimbrin 
(Sac6p) and Abp140p, and tropomyosins, Tpm1p and Tpm2p, which stabilize F-actin 
cables and regulate actin cable dynamics, respectively. Secondly, a type II myosin 
motor, Myo1p, anchored at the bud neck is thought to exert a retrograde pulling force 
on actin cables, actively channeling towards the mother cell (Fig. 3).26 RACF is a critical 
component regulating the asymmetric inheritance of aging determinants including 
mitochondria (see below).11,27  
The first evidence that actin cables participate in asymmetric cargo distribution 
during yeast cell division came from studies of Ash1p, a transcription repressor and cell 
fate determinant that localizes to the bud through most of the cell division cycle in S. 
cerevisiae. Here, asymmetric distribution is achieved, not by protein transport, but by 
mRNA transport. ASH1 mRNA, which is sequestered in ribonucleoprotein particles, 
binds to the type V myosin, Myo4p, using the cargo adapters She2p and She3p, and 
uses the forces generated by Myo4p for transport from mother cells to buds.28,29 More 
11 
 
than 30 mRNAs use actin cables for asymmetric inheritance and localization to the bud 
tip including mRNAs that encode proteins that mediate binding of ER to the plasma 
 
Figure 3: Actin cables in directed transport of cargo. Actin nucleation and Myo1p 
act in concert to drive retrograde actin cable flow. Actin cables are dynamic structures 
that undergo retrograde movement from their site of assembly in the bud tip and bud 
neck toward the tip of the mother cell distal to the bud. In this model of RACF, the 
formin protein, Bni1p, stimulates polymerization of G-actin into F-actin at the bud tip. 
A similar process is driven in the bud neck via the formin protein, Bnr1p (not depicted). 
F-actin then assembles into actin cables using the bundling proteins fimbrin (Sac6p) 
and Abp140p, and tropomyosins, Tpm1p and Tpm2p. These bundles are inserted at 
the tip of the actin cable in the bud tip, providing a pushing force for RACF. The type 
II myosin at the bud neck binds to actin cables in a Tpm2p-regulated manner and 
provides pulling forces for RACF. RACF drives movement from the bud toward the 
mother cell. During this process, cargos bind to dynamic actin cables and use them as 






membrane (IST2, TCB2-3), anchorage and retention of mitochondria in the bud tip 
(MMR1), and stress response (Fig. 4).13,30,31 The roles of proteins encoded by these 
mRNAs in promoting daughter cell fitness and mother–daughter age asymmetry are 
described below. 
To ensure that chromosomes are segregated to both the bud and mother cell, 
the spindle must be carefully aligned with the mother–bud axis. This alignment depends 
on two cytoskeleton-dependent pathways. Early in the cell cycle, Kar9p links the plus 
ends of astral microtubules that extend from the spindle pole body (SPB) to polarized 
cortical actin cables by interacting with Myo2p, a type V myosin, and Bim1p, the yeast 
equivalent of the microtubule binding protein EB1.32,33 With microtubule-tips linked to 
Myo2p, movement of Myo2p along the tracks of actin cables towards the bud tip pivots 
the spindle-apparatus into alignment along the mother–bud axis (Fig. 3).34 Late in the 
cell cycle, a second pathway facilitates movement of the spindle towards its correct 
position relative to the eventual division plane. Here, dynein is transported to the plus 
end of astral microtubules by Bik1p attached to the kinesin-related protein Kip2p, or in 
its absence by Bim1p.35-37 Reaching the cortex, dynein is anchored there by Num1p that 
forms cortical patches and captures dynein via its BAR-like domains (Markus & Lee, 
2011) (Tang et al., 2012). A minus-end directed motor protein itself, dynein 
13 
 
subsequently attaches to and exerts a pulling force onto astral microtubules, moving 
the spindle towards the mother-bud neck (Fig. 4).33  
 
Figure 4: Asymmetric localization of mRNAs and spindle alignment in S. 
cerevisiae. Next to exocytic vesicles (not depicted), cellular cargo such as mRNA and 
microtubules, undergo bud-directed movement along actin cables. mRNAs move to 
the bud tip along actin cable tracks, by binding to type V myosin motors via cargo 
adapters (She2p and She3p). Several of these bud-localized mRNAs encode proteins 
that promote asymmetric segregation, including Mmr1p essential in anchorage of 
mitochondria at the bud tip. The spindle apparatus aligns along the mother–bud axis 
using actin and microtubule-dependent force generators. Astral microtubules on the 
mitotic spindle bind to the type V myosin Myo2p using the cargo adapter Kar9p and 
the microtubule end-binding protein Bim1p, and move toward the bud tip using actin 
cables as tracks. This movement, together with pulling forces by dynein anchored to 
Num1p at the cortex, results in correct alignment of the spindle apparatus along the 






Interestingly, the spindle itself is asymmetrically inherited. Duplication of the SPB 
gives rise to a new SPB and an old SPB. The old SPB is always inherited by the bud.   
A recent study showed that this age-dependent inheritance of the SPB is specified by 
a SPB component, Nud1p, through the Mitotic Exit Network (MEN) pathway.38 In 
addition, Kar9p localizes only to microtubules that emanate from the old SPB toward 
the bud.39 This asymmetric localization requires SUMOylation of Kar9p which itself is 
stabilized by Cdk1p-dependent phosphorylation of Kar9p.38,40 
Local Cdc42-activity through the polarisome and the Cdc42p-effectors Gic1/2p 
at the incipient bud-site also coordinates septin recruitment and septin ring 
assembly.41,42 Septins are a subfamily of GTP-binding proteins that form higher order 
structures, including filaments, rings, and cage-like structures and play an important 
part in asymmetric cell division and mother–daughter age asymmetry in S. cerevisiae.43-
48 The septins localize to the pre-bud site forming unorganized patches that reorganize 
into a single cortical ring and act as a scaffold for contractile ring assembly and primary 
septum formation, two processes that drive cytokinesis in budding yeast.41,49 The single 
septin ring later rearranges into an hourglass structure. As the bud grows and at the 
initiation of cytokinesis, the septins form a double ring surrounding the actomyosin 
ring.50,51 After cytokinesis, a single septin ring is retained in both the mother and 
daughter cells, marking the site of cell separation and establish the cortical polarity 
landmarks that guide bud-site selection during the next division cycle.17,.{Cid, 2001 #725 
Importantly, the septins also establish a diffusion barrier at the bud neck, which is critical 




1.4. Asymmetric inheritance of aging determinants in cell division in S. 
cerevisiae 
1.4.1. Retention of damaged protein aggregates in mother cells 
As budding yeast cells age, oxidatively damaged (carbonylated) proteins begin 
to accumulate, forming toxic protein aggregates. Similar aggregates are associated with 
many age related pathologies including Parkinson’s and Alzheimer’s disease.52 In 
budding yeast, these protein aggregates are preferentially retained in the mother cell, 
which contributes to mother cell aging and allows production of a daughter cell with a 
full replicative lifespan.27,53,54 This asymmetric inheritance is established by two 
mechanisms: one sequesters damaged protein aggregates in the mother cell, and the 
other removes such aggregates from the daughter cell. Both processes are important 
for promoting cellular health and lifespan.55,56  
Damaged or aggregated proteins are sequestered in two quality control 
compartments within the mother-cell, the juxtanuclear quality control compartment 
(JUNQ) and the insoluble protein deposit (IPOD).57 Under certain stress conditions, 
misfolded proteins accumulate in JUNQs, which are punctate perinuclear structures. In 
contrast, IPODs are sites where aggregation-prone, insoluble proteins are sequestered 
and are found near the vacuole.58 Elevation of the type I metacaspase, Mca1p which 
localizes to both IPODs and JUNQs, promotes clearance of aggregates in daughter 
cells and extends lifespan.55 Mca1p function depends on Hsp104p, a disaggregase that 
binds to misfolded proteins and promotes their refolding or degradation when refolding 
cannot occur. While Hsp104p has been localized to both IPOD and JUNQ 
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compartments,57,58 it is also though to play a role in clearance of aggregates from 
daughter cells.27  
Next to Hsp104p, the actin cytoskeleton and the founding member of the Sirtuin 
family of lifespan regulators, Sir2p, are both required for asymmetric inheritance of 
protein aggregates.54,58-60 Indeed, Sir2p has genetic interactions with proteins that are 
required for asymmetric inheritance of protein aggregates and promote longer 
lifespan.56 Cells lacking Sir2p exhibit increased protein carbonylation, premature protein 
aggregate formation and failure to retain damaged proteins in the mother cell. Deletion 
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of HSP104 also results in a breakdown of damage asymmetry and failure of protein 
stress foci to undergo degradation or form inclusions, while HSP104-overexpression 
 
Figure 5: Models for the maternal retention of protein aggregates. The directed 
movement and stochastic diffusion models of protein aggregate retention in mother 
cells. a) One model for actin cable function in clearance of protein aggregates from 
buds. Here, protein aggregates move in a directed, RACF-dependent fashion from 
buds toward mother cells and are sequestered at IPODs and JUNQs within the mother 
cell. b) According to the stochastic diffusion model of protein aggregate movement, 
protein aggregates undergo random diffusion. Because the mother cell is much larger 
than the   bud and the bud neck is a tight bottleneck, large protein aggregates that 







partially rescues defects seen in sir2Δ.54,58 Similarly, destabilization of the actin 
cytoskeleton or actin cables results in loss of the asymmetric segregation of protein 
aggregates, including Hsp104p-associated oxidized protein aggregates and Huntingtin 
aggregates.10 A genome-wide screen in S. cerevisiae revealed a link between Sir2p 
and proteins required for polarization of the actin cytoskeleton (Spa2p, Pea2p, Bud6p, 
Cdm1p, Myo2p) and proteins involved in assembly, elongation, and retrograde flow of 
actin cables (Bni1p).10,56 Consistent with this, deletion of Sir2p destabilizes actin cables 
and inhibits RACF.10,11 This raises the possibility that Sir2p may function in asymmetric 
inheritance of protein aggregates through effects on the actin cytoskeleton and RACF. 
The precise role of actin cables in asymmetric inheritance of protein aggregates 
is controversial. Hsp104p-GFP labeled oxidized protein aggregates exhibit linear, 
polarized movement from buds toward mother yeast cells.10,27,58 These studies also 
revealed that Hsp104p and Huntingtin aggregates colocalize with actin cables and that 
destabilization of actin cables by deletion of the tropomyosin Tpm1p, results in loss of 
the asymmetric distribution of oxidized protein aggregates. Other studies revealed that 
cargos, like endosomes (actin patches) and mitochondria, can bind to actin cables and 
use the force of RACF to drive their movement from buds to mother cells.9,61 Together, 
these findings support the model that RACF generates asymmetric distribution of 
protein aggregates by driving their movement from buds to mother cells (Fig. 5a). 
On the other hand, Zhou and colleagues used a particle-tracking algorithm to 
follow the patterns and trajectories of these aggregates and concluded that damaged 
protein aggregates undergo stochastic, rather than directed, diffusion.62 They propose 
that the difference between mother and bud sizes and the narrow width of the neck are 
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sufficient for retention of protein aggregates in the mother cell (Fig. 5b). However, a 
recent study indicates that increasing cell cycle time or increasing mother cell size, 
which should decrease or promote diffusion-dependent retention of protein aggregates 
in mother cells, respectively, has no effect on the asymmetric distribution of protein 
aggregates.56 
Yet, it remains possible that the stochastic movements detected by Zhou and 
colleagues may represent those of inclusions, like IPODs or JUNQs, that are bound to 
organelles, have limited movement and are retained in mother cells.58,63 RACF may 
help establish asymmetry by trafficking damaged proteins and smaller stress foci to 
these IPODs, JUNQs, or similar inclusions, which are then retained in the mother cells 
by their association with its corresponding organelles. Yet to be determined is how the 
inclusions, such as IPODs and JUNQs, are retained in the mother cell during 
inheritance of the vacuole, nucleus, and potentially other organelles.  Together, these 
studies provide evidence that protein aggregates are bona fide aging determinants and 
not merely a marker of age. 
The integrity and dynamics of the actin cytoskeleton in relation to aggregates 
also has implications for cellular health in non-dividing cells. Mice that lack the actin 
depolymerizing protein cofilin2 exhibit defects in actin organization and skeletal muscle 
maintenance and accumulate sarcoplasmic protein aggregates.64 While the causal 
relationship of these two phenotypes remains to be investigated, it is possible that 
protein aggregates normally undergo cytoskeleton-dependent movement to be 
sequestered, locally confined and degraded in non-dividing mammalian cells.  Indeed, 
mechanisms involving dynein-dependent retrograde transport along microtubules have 
20 
 
been implicated in formation of damaged protein inclusions called aggresomes in 
mammalian cells.65,66 These aggresomes accumulate around centrosomes and may 
potentially act as a center to concentrate damaged proteins for resolution by clearance 
pathways, such as autophagy.67 
 
1.4.2. Inheritance of fitter mitochondria by buds 
The mitochondrion carries out essential functions in eukaryotic cells, acting as 
the hub of energy production, central metabolism, and other activities, such as calcium 
signaling and regulation of apoptosis. Accumulation of mitochondrial damage leads to 
loss of function of the organelle and is implicated in aging and related diseases such as 
neurodegeneration and muscle myopathies.6,68-70 Dysfunctional mitochondria may be 
characterized by lower ATP production, decreased membrane potential (ΔΨ), loss of 
or damage to mitochondrial DNA (mtDNA), increased ROS production, and more 
oxidizing redox states.6,71-73 
Mitochondria exist in networks that are highly dynamic and undergo ubiquitous 
remodeling through fusion and fission events.74 Recent studies have shown that 
mitochondria in budding S. cerevisiae are not a single, continuous reticulum.6 
Specifically, fluorescence loss in photobleaching (FLIP) experiments indicates that 
mitochondria in large buds are physically distinct from mitochondria in mother cells. 
Moreover, use of biosensors to assess mitochondrial function in living yeast revealed 
that mitochondria in the bud have lower levels of reactive oxygen species (ROS) and 
are more reducing compared with mitochondria in mother cells (Fig 6).  
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Moreover, recent studies indicated that mitochondria are asymmetrically 
inherited during mammalian stem-cell division: Katajisto and colleagues observed 
preferential inheritance of young organelles to self-renewing siblings of dividing 
mammary epithelial-like stem cells, while older organelles segregated with the 
differentiating cell.75 Thus, mitochondria, known aging determinants, undergo 
asymmetric inheritance, based on their functional state, during yeast and mammalian 
cell division.6,11 
 
1.4.2.1. Asymmetric inheritance of mitochondria depends on the actin 
cytoskeleton: 
Interestingly, recent evidence suggests a direct role of the actin cytoskeleton in 
aging through effects on asymmetric inheritance of high from low functioning 
mitochondria.11 As RACF is directed from buds to mother cells, inheritance of 
mitochondria from mothers to buds must occur against the opposing force of RACF, 
effectively forcing mitochondria to ‘swim upstream’. Therefore, RACF may contribute to 
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the asymmetric inheritance of mitochondria by serving as a filter to prevent damaged 
and dysfunctional mitochondria from entering the bud during inheritance. In addition, 
RACF may serve – akin to the model of RACF mediated clearance of protein 
aggregates (Fig. 5a) - as a force generator to drive passive movement of low functioning 
mitochondria out of buds. To test this hypothesis, Higuchi and colleagues assessed the 
effect of altering the rate of RACF on mitochondrial function, replicative lifespan, and 
 
Figure 6: Retrograde actin-cable flow and asymmetric mitochondrial 
inheritance. RACF and anchorage of mitochondria in the bud-tip contribute to the 
asymmetric segregation of fit from less fit mitochondria during yeast cell division. 
RACF acts as a filter to prevent inheritance of less fit, dysfunctional mitochondria into 
the bud. One possible mechanism for this effect is that fitter mitochondria may be 
better able to recruit drivers of anterograde movement and can overcome the force of 
RACF and enter the bud. Therefore, only higher functioning mitochondria move to the 
bud tip. Once they reach that site, they are anchored to cER in the bud tip by Mmr1p. 
Together, these two mechanisms generate asymmetry where fitter, higher functioning 
mitochondria are preferentially inherited, while damaged, dysfunctional mitochondria 
are retained in the mother. Lighter colors indicate higher functioning mitochondria and 
darker colors indicate lower-functioning mitochondria. 
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cellular healthspan. RACF flow rates were decreased by deletion of  Myo1p,  the  
myosin  that  generates  pulling forces on  actin cables, or increased  by deletion of 
Tpm2p,  the tropomyosin that inhibits binding of Myo1p to actin  cables.11 
These studies revealed that increasing the rate of RACF results in an increase 
in mitochondrial fitness. These mitochondria were more reduced and exhibited higher 
velocities of bud-directed movement compared with mitochondria in WT cells. Here, the 
redox state of the organelle was measured using redox-sensitive green fluorescent 
protein (roGFP) that is targeted to the mitochondrial matrix.76 Mito-roGFP contains two 
surface-exposed cysteines that undergo environment-dependent oxidation and 
reduction, which in turn changes the excitation spectrum of the protein.77 Increasing 
RACF-rates also promoted relative qualitative asymmetry between mitochondria 
inherited to daughter cells and those remaining in mothers. Conversely, reducing the 
rate of RACF had the opposite effects.11 Thus, these studies revealed a role for the 
actin cytoskeleton in mitochondrial quality control and asymmetric inheritance of 
mitochondria, and the mechanism underlying these processes.  
Increasing the rate of RACF also results in extension of replicative lifespan and 
increased cellular healthspan (i.e. decrease in mean generation time), and decreasing 
RACF rates has the opposite effect. As many cargos use actin cables for movement 
into and out of the bud, these effects could also have been due to effects on the 
asymmetric segregation of other aging determinants such as protein aggregates. 
Importantly, increasing the rate of RACF does not extend lifespan in yeast bearing a 
deletion of mitochondrial DNA (mtDNA) and the associated loss of mitochondrial 
respiratory activity. Thus, actin dynamics affects lifespan through its effects on 
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mitochondria (Fig. 6). Finally, these studies revealed that deletion of SIR2 results in a 
decrease in the rate of RACF and mild overexpression of Sir2p has the opposite 
effect.11 The finding that Sir2p regulates asymmetric inheritance of mitochondria 
through RACF, further corroborates the idea that Sir2p controls lifespan, in part, through 
its effect on actin dynamics. 
Retrograde actin flow is an emerging topic of interest in mammalian cells, such 
as during T-cell activation or in neurite outgrowth.78-80 Indeed, retrograde actin flow 
occurs in the growth cone of developing neurites and loss or perturbation of retrograde 
flow results in defects in microtubule extension necessary for neurite formation.79,80 An 
ongoing question is whether retrograde flow of actin networks or bundles can contribute 
to cellular asymmetry of mitochondria and other cellular components in mammalian 
cells, similar to effects found in yeast cells. It is conceivable that high energy-demanding 
processes, such as growth cone extension, would require high concentrations of 
functional mitochondria for ATP production and calcium regulation at that site. 
 
1.4.2.2. Site-specific anchorage controls asymmetric mitochondrial 
inheritance and lifespan: 
As a natural counterpart to mitochondrial transport, mechanisms to arrest 
transport or anchor mitochondria at specific subcellular areas play essential roles in 
adapting mitochondrial distribution to cellular needs and directly interface with pathways 
of mitochondrial quality control.81,82 Recent studies support a role for anchorage of 
mitochondria in the bud tip in asymmetric inheritance of the organelle and life- span 
control. Visualization of mitochondria in living yeast cells revealed that they accumulate 
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in the bud tip by anchorage to a limited number of sites in the bud tip by binding to 
cortical ER (cER), a network of ER tubules and sheets, that is, anchored to the plasma 
membrane.12 
These studies also revealed a role for Mmr1p in anchorage of mitochondria in 
the yeast bud tip. Mmr1p is a DSL-family tethering protein that undergoes asymmetric 
inheritance during yeast cell division: the protein and mRNA encoded by the MMR1 
gene localize to the bud tip. Myo4p, and the cargo adapters, She2p and She3p, drive 
movement of MMR1 mRNA to the bud.13 Myo2p, another type V myosin, and a protein 
phosphatase, Ptc1p, which affects the phosphorylation state of Mmr1p, are required for 
localization of MMR1-encoded protein to the bud tip.12,83 Moreover, deletion of MMR1 
abolishes accumulation and anchorage of mitochondria at the bud tip. Finally, Mmr1p 
localizes at the interface of mitochondria and cER at the bud tip and is recovered with 
both organelles upon cellular fractionation. These observations support a role for 
Mmr1p in docking mitochondria in the bud tip by tethering mitochondria to cER at that 
site.12 
Interestingly, mmr1Δ cells also have defects in asymmetric segregation of 
mitochondria, replicative lifespan, and mother–daughter age asymmetry. Deletion of 
MMR1 gives rise to two populations of yeast cells: a short-lived population of cells with 
more oxidizing mitochondria and increased mean generation time, and a long-lived 
population with decreased mean generation time and mitochondria of superior redox 
state and reduced ROS levels. The majority of short-lived population of mmr1Δ cells 
fails to give rise to daughter cells. However, the daughters of long-lived mmr1Δ cells     
have replicative lifespans that are significantly shorter than that of their mother cells.6 
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These studies provide additional links between mitochondrial function and asymmetric 
inheritance of the organelle with lifespan. They also provide a role for Mmr1p in this 
process, as a docking protein that anchors and retains higher functioning mitochondria 
in the bud tip. 
The Rab-like protein, Ypt11p, has been implicated in facilitating retention of 
mitochondria at the bud tip by promoting the inheritance of cER. Ypt11p  localizes  to  
cER in the  bud  and  is  required  for  normal  inheritance of cER.84 Deletion of YPT11 
results in defects in anchorage of mitochondria in the bud tip, which are less severe 
than those observed upon deletion of MMR1.85,86  ypt11Δ cells  exhibit  aging  defects  
that  are similar  to  those  observed  in  mmr1Δ  cells.  Deletion of YPT11 gives rise to 
a long-lived and short-lived population of yeast cells.87 While Mmr1p and Ypt11p appear 
to have a functional relationship in mitochondrial anchorage, recent evidence suggests 
they may also have partially redundant roles in anterograde mitochondrial transport by 
linking mitochondria to Myo2p.88,89 Their direct role in mitochondrial trafficking is still 
under investigation, but it is clear that through their role in mitochondrial anchorage, 
they can counterbalance the effects of mitochondrial motility and ultimately affect 
inheritance. 
Given the critical roles of Mmr1p and Ypt11p in anchorage at the bud tip, the 
recent identification of Num1p as a maternal mitochondrial anchorage protein.90 
sparked considerable interest in the role of maternal mitochondrial retention during cell 
division. Num1p binds the plasma membrane via its C-terminal pleckstrin homology 
(PH) domain and forms cortical patches, which localize to the mother cell through most 
of the cell cycle.91 Deletion of NUM1 results in defects in peripheral localization of 
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mitochondria along the maternal cellular cortex as tubules.90 Mitochondria in these 
mutants were also more mobile, suggesting a role in physical anchorage and retention 
of mitochondria in the mother cell. Yet to be determined is whether there are other 
proteins that contribute to retention of mitochondria in mother cells, and how this 
process affects mitochondrial quality control during inheritance, lifespan, and mother–
daughter age asymmetry. 
Overall, these findings indicate that RACF serves as a filter to prevent low 
functioning mitochondria from being inherited by the bud by generating force that can 
drive movement of mitochondria from buds back to the mother cell. They also support 
a role for RACF and for site-specific anchorage of mitochondria in the bud tip in 
asymmetric inheritance of mitochondria, mother–daughter age asymmetry, and lifespan 
control. It appears that during asymmetric inheritance in yeast, mitochondria not only 
have to ‘swim against the stream’ of RACF but they also depend on bud tip anchorage 
to ‘reach the shore’ (Fig. 6). 
 
1.5. Role of diffusion barriers at membranes in the bud neck in asymmetric cell 
division 
1.5.1. Diffusion barriers in the plasma membrane 
As described above, > 30 mRNAs undergo actin-dependent transport to the bud 
in S. cerevisiae. At least 10 of   the proteins encoded by these mRNA are asymmetrically 
distributed, including Mmr1p, the protein that mediates anchorage of high functioning 
mitochondria  in  the  bud tip, and Ist2p, Tcb2p, and Tcb3p, three of the six proteins that 
mediate anchorage of cER to the plasma membrane.13,92 Equally important, most of the 
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proteins that are encoded by bud-tip targeted mRNAs and asymmetrically distributed, 
are membrane-associated. Early studies on Ist2p revealed a diffusion barrier in the 
plasma membrane at the bud neck that contributes to asymmetric distribution of bud-
targeted IST2 mRNA protein product.29 Fluorescence recovery after photobleaching 
(FRAP) revealed that GFP-Ist2p freely diffuses in the membrane of the bud, but does 
not diffuse across the bud neck in wild-type yeast. However, shift of a temperature 
sensitive septin mutant (cdc12-6) from permissive to restrictive temperature results in 
loss of the asymmetric distribution of GFP-Ist2p. These studies support the model in 
which septins are required for formation of a diffusion barrier in plasma membrane at 
the bud neck that maintains the asymmetric distribution of plasma membrane proteins 
synthesized in or transported to the bud.  
 
1.5.2. Diffusion barriers in the ER 
Fluorescence loss in photobleaching (FLIP) experiments on fluorescent proteins 
targeted to the ER lumen or membrane revealed that a bud-neck localized diffusion 
barrier also exists within the ER and that this barrier acts to retain misfolded ER and 
Golgi proteins within the mother cell.14,93 Recent evidence has also shown that proper 
localization of Num1p is dependent on the ER diffusion barrier.94 
Similar to the plasma membrane, septins also stand at the center of the ER 
diffusion.95 Following the recruitment and organization of septins into a septin-ring 
structure through the concerted efforts of members of the polarisome Pea2p and 
Bud6p, with the Cdc42p-effectors Gic1/2p, the septin Shs1 forms the ER diffusion 
barrier by interactions with the ER proteins Scs2p and Epo1p.94: Scs2p is an integral 
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ER membrane protein and one of the six proteins that links cER to the plasma 
membrane. It also controls PIP4 metabolism. Epo1p binds to both Scs2p and Shs1p 
and may therefore tether cER to the septins. Mutations that disrupt the interaction or 
functions of Shs1p, Scs2p, and Epo1p result in free diffusion of ER membrane proteins 
between mother and bud cells, suggesting that this ER-septin complex contributes to 
the ER diffusion barrier.94 Interestingly, septins also localize to the dendritic spines of 
neurons where diffusion of ER proteins is highly restricted (Tada et al., 2007; Cui-Wang 




In budding yeast, recent evidence further suggests sphingolipids as an important 
component of the ER diffusion barrier (Fig. 7).14 Similar to deletion of proteins involved 
in barrier formation such as Bud6p, Scs2p or Epo1p, deletion of sphingolipid 
biosynthetic enzymes including Sur2p results in disruption of the ER diffusion barrier 
and the inheritance of misfolded ER proteins by the daughter cell. Function of the ER 
diffusion barrier also affects lifespan under conditions of ER stress produced by deletion 
 
Figure 7: Diffusion barriers in budding yeast. The septin cytoskeleton and 
sphingolipids serve as a diffusion barrier in the ER, plasma membrane, and nuclear 
envelope. Septins form a ring at the bud neck, which allows recruitment of polarization 
proteins and accumulation of sphingolipids at that site. The concerted effort of these 
factors  produces  a  diffusion  barrier,  which  prevents  free diffusion of 
transmembrane – and potentially some luminal – proteins within the ER,  plasma  
membrane,  and  nuclear  envelope  at  the bud neck. This diffusion barrier may  
promote  asymmetric  segregation  of  factors,  including  ERCs,  NPCs,  and  damaged  
ER proteins, such that damage is retained in the mother (depicted in red)  and daughter 




of YOS9, an ER quality control lectin. Deletion of Sur2p rescues lifespan in yos9Δ cells. 
Interestingly, deletion of Bud1p also rescues yos9Δ cells, albeit to a lesser extent (Clay 
et al., 2014).  
Bud1p and Sur2p have additional functions other than control of the diffusion 
barrier in ER at the bud neck, which may be the cause of the characterized lifespan 
effects.96 The disruption of an organized budding-pattern in absence of Bud1p (see 
above).17 may have consequences beyond effects on ER barrier formation, one aspect 
of which I explore in this thesis. Yet these findings may point towards an important 
distinction between Bud1p-dependent and Bem1p-dependent polarity establishment 
which may be insufficient for proper barrier formation that may contribute to lifespan 
control in yeast undergoing ER stress through effects on the asymmetric distribution of 
unfolded ER proteins.  
 
1.5.3. Diffusion barriers in the nuclear envelope 
One of the first identified markers of replicative age in S. cerevisiae is the 
accumulation of extrachromosomal ribosomal DNA circles (ERCs) in the nucleus of 
mother cells.97,98 rDNAs consist of tandem repeat arrays. Recombination within rDNAs 
results in copy number loss and generation of ERCs. Several findings support a link 
between ERCs and lifespan control. Expression of high-copy episomal DNAs reduces 
replicative lifespan.99 Moreover, deletion of SIR2, which results in premature formation 
of ERCs by increasing rDNA recombination rates, results in decreased lifespan.100 
Thus, age-associated increases in ERCs may decrease lifespan. On the other hand, 
deletion of FOB1, a gene encoding a replication fork block protein, results in decreased 
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rDNA recombination and ERC formation and increases lifespan.100 Similarly, loss of 
Sgf73p, a component of the SAGA complex, which counteracts Sir2p function in rDNA 
recombination, has been shown to significantly increase lifespan.101 How ERCs 
specifically contribute to aging and ultimately senescence in yeast is still unknown. They 
may sequester essential replication factors, transcription factors, or repair proteins, 
making them unavailable for endogenous functions. Alternatively, there is evidence that 
rDNA instability, which gives rise to ERCs and are caused by ERC accumulation, is an 
aging determinant.  
Ganley and colleagues find that ERC levels are not linked to lifespan in yeast. 
Instead, they find that conditions that promote or reduce rDNA instability decrease and 
increase lifespan, respectively. They also find that multicopy episomal plasmids can 
induce rDNA instability and that rDNA instability is preferentially reduced in mother 
cells.102 This study supports the model that rDNA instability contributes to lifespan 
control, presumably by reducing ribosome quality and quantity.102,103 Moreover, as 
ERCs are episomes, they may also contribute to lifespan control through effects on 
rDNA stability. Indeed, accumulation of ERCs in mother cells may contribute to 
instability of rDNA, which occurs in mother but not daughter cells. 
The underlying mechanism promoting asymmetric inheritance of ERCs is 
controversial. There is evidence that septin-dependent diffusion barriers in the nuclear 
envelope inhibit the passage of ERCs to the daughter cell in S. cerevisiae.14,104 The 
diffusion barrier in the nuclear envelope is similar but not identical to that found in the 
ER. Nuclear envelope diffusion barriers require septins, sphingolipids, and Bud6p, but 
do not require Bud1p. Shcheprova et al. (2008) find that the diffusion barrier in the 
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nuclear envelope at the bud neck prevents passage of nuclear pore complexes (NPCs) 
from the mother cell to the bud and that binding of ERCs to NPCs may be responsible 
for retention of ERCs in the mother cell. Consistent with this, other groups find that a 
subset of newly synthesized NPC proteins associate with the ER and are preferentially 
inherited by the bud and that this process requires the actin cytoskeleton, Myo2p, and 
a subcomplex containing the NPC protein Nsp1p. They also find that damaged NPCs 
or NPCs that lack essential components, such as Nup57p, Nup82p, or Nsp1p, cannot 
enter the bud and are retained in the mother cell (Fig. 7).105,106 
However, other studies indicate that a subset of NPCs, old NPCs, can be 
inherited by daughter cells.106-108 and that tethering of plasmids to the NPC does not 
result in asymmetric segregation of the plasmids.108 Moreover, visualization of 
episomes in living yeast confirms that they are retained in the mother cell nucleus, but 
freely diffuse in the nucleoplasm and are depleted at the nuclear envelope.109 Thus, 
there is evidence that episomes do not associate with NPCs. Indeed, these studies find 
that the geometry of the nucleus and short length of the yeast cell division cycle are 
critical for retention of episomes in mother cells. 
 
1.6. Pathways for active daughter cell rejuvenation 
Previous studies revealed that higher functioning mitochondria, that are more  
reducing  and  have  less  ROS, are preferentially inherited by buds through multiple 
generations of yeast cell division, and that defects in this process affects lifespan and 
mother–daughter age asymmetry.6,11 These studies and others also revealed that 
mitochondrial function in mother cells and buds declines with age as early as two 
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generations, despite the fact that mitochondria in buds are fitter compared with those in 
their associated mother cells.6,11 Thus inheritance of the fittest mitochondria contributes 
to, but is not sufficient for, generation of fully functional mitochondria in daughter cells. 
Below, we describe two mechanisms for daughter cell rejuvenation that may promote 
the function of mitochondria and other cellular constituents in daughter cells. 
 
1.6.1. Activation of peroxidases in bud cells rejuvenates them post 
cytokinesis 
One mechanism for daughter cell rejuvenation is increasing antioxidant activity.15 
Specifically, Erjavec and Nystrom show that the levels of cytosolic peroxidase, Ctt1p, 
hydrogen peroxide, and superoxide are similar in mother cells and their associated 
buds. However, immediately after cytokinesis and separation of buds from mother cells, 
there is a twofold increase in catalase activity and a precipitous decrease in ROS levels 
in daughter cells, but not in mother cells. Daughter cell-specific activation of catalase 
does not occur in sir2Δ cells or in cells treated with Latrunculin-A (LatA), a drug that 
disrupts the actin cytoskeleton. These findings indicate that a rejuvenating environment, 
which reduces oxidative stress, is generated in daughter cells after they have separated 
from mother cells. As mitochondria in buds exhibit a decrease in redox state and 
increase in superoxide levels as a function of mother cell age, this rejuvenating 
environment in daughter cells can promote the function of mitochondria and other 
daughter cell constituents that are damaged by mitochondrial ROS.  
Future studies will reveal the role of Sir2p and the actin cytoskeleton in this 
daughter cell-specific rejuvenation mechanism. However, recent work revealed that S.  
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cerevisiae undergoes rejuvenation that resets the aging clock during sporulation, the 
meiosis-driven conversion of diploid cells to haploid spores.110 Specifically, as older 
mother cells undergo sporulation, they exhibit an increase in Hsp104p aggregates and 
ERCs. However, after completion of meiosis and sporulation, the spores have 
decreased Hsp104p-protein aggregates and ERCs, and replicative lifespans that are 
similar to that of spores from young mother cells. These studies also revealed that 
Ndt80p, a sporulation-specific transcription factor, is required for resetting the aging 
clock after sporulation. Interestingly, expression of Ndt80p in yeast undergoing 
vegetative, mitosis-driven growth is sufficient to extend the lifespan of old yeast cells. 
Thus, it is possible that genes regulated by Ndt80p may contribute to catalase 
rejuvenation after completion of mitotic cell division in S. cerevisiae. 
 
1.6.2. Vacuolar re-acidification in bud cell rejuvenation 
Vacuole fitness is associated with its acidity, which declines early with age in S. 
cerevisae.73  It is not clear what causes this decline in vacuole function; however, it is 
clear that this has implications in aging. Indeed, mouse models of Alzheimer’s disease 
exhibit decreased autophagy due to loss of lysosomal acidity.111 In addition, over- 
expression of VMA1, the  catalytic  subunit  of  the  vacuolar  H1-ATPase,  results  in  
increased  and  prolonged vacuolar acidity and an increase in replicative lifespan in 
budding yeast.73 Using DiOC6 to monitor mitochondrial ΔΨ, these studies confirmed   
previous   findings   that   mitochondria in mother cells and buds also undergo a decline 
in function with early age. Interestingly, overexpression of VMA1 also reduces the age-
associated decline in mitochondrial ΔΨ. 
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Perhaps surprisingly, vacuolar function in degradation of cellular constituents 
does not contribute to its function in lifespan control. Rather, loss of vacuolar acidity 
results in the progressive accumulation of neutral amino acids, including glutamine 
within the cytosol. Mitochondria can internalize neutral amino acids using ΔΨ -
dependent transport processes, which may decrease mitochondrial fitness and induce 
fragmentation of the organelle.73 Additionally, the buildup of neutral amino acids 
increases TORC1 activity, which promotes consequence.73,112,113 
Interestingly, these studies also revealed that vacuoles undergo asymmetric 
inheritance. Specifically, vacuoles in mother cells undergo a decline in acidity.112 
However, vacuoles in daughter cells remain acidic irrespective of the age of the mother 
cell.114 This asymmetry in vacuolar acidity is promoted by the inherent asymmetry in the 
plasma membrane proton ATPase, Pma1p, which pumps protons out of the cytosol and 
antagonizes vacuolar acidity by decreasing the pool of cytoplasmic protons available 
for import into the vacuole via vacuolar ATPases. Pma1p is retained in aging mother 
cells and its absence in the bud increases the availability of protons in the bud cytosol, 
allowing re-acidification of the vacuole specifically in the bud.114 Control of vacuolar 
acidity may be another mechanism for rejuvenation of mitochondria and other aging 
determinants in yeast daughter cells. 
 
1.7. Concluding remarks 
Successful proliferation of the single-celled S. cerevisiae is dependent on 
‘resetting’ the age of the daughter cell. Aberrant and dysfunctional proteins and 
organelles are retained in the mother cell while the daughter inherits highly functional 
37 
 
organelles and a higher proportion of proteins and their mRNAs involved in stress 
response and repair. Mitochondria, the vacuole, ERCs, ER, mRNA, and damaged 
protein aggregates are all asymmetrically inherited during division in budding yeast. 
This asymmetry is dependent on the actin, microtubule, and septin cytoskeletons. 
Several important questions are yet to be answered regarding key mechanisms that 
result in asymmetry. For example, while there are key aging determinants that are 
retained in the mother cell including ERCs and damaged protein aggregates, the 
mechanisms that result in this asymmetry are still poorly understood. What mechanism 
underlies actin-dependent retention of damaged protein aggregates in the mother cell? 
Are there other still unidentified aging determinants that are also asymmetrically 
segregated via the RACF filter? How are ERC’s asymmetrically segregated? Is their 
retention dependent on septin-mediated asymmetric segregation of NPCs or on nuclear 
envelope geometry and cell cycle duration? 
There are also outstanding questions regarding rejuvenation events in the bud. 
Some factors have been identified including activation of catalases, re-acidification of 
vacuoles in the bud, and active transport of mRNAs to the bud. The mechanistic details 
of how their presence is translated into functional rejuvenation of the daughter cell 
however, remain to be discovered. Is activation of catalases and other protective 
proteins involved in quality control essential for bud rejuvenation, and if so, how does 
this activation occur? What is the mechanism underlying the retention of the plasma 
membrane proton-pumping ATPase, Pma1p, in mother cells? Further investigations of 
these complex issues will lead to a greater understanding of asymmetric cell division 
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and its contribution to aging. It will also lay the foundation for future studies in 
























































Chapter II  
 
A role for Mfb1p in region-specific anchorage of high-functioning mitochondria 
and lifespan in Saccharomyces cerevisiae 
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Previous studies indicate that replicative lifespan in daughter cells of 
Sacchraromyces cerevisiae depends on the preferential inheritance of young, high-
functioning mitochondria. We report here that mitochondria are functionally segregated 
even within single mother cells in S. cerevisiae. A high-functioning population of 
mitochondria accumulates at the tip of the mother cell distal to the bud. We find that the 
mitochondrial F-box protein (Mfb1p) localizes to mitochondria in the mother tip and is 
required for mitochondrial anchorage at that site, independent of the previously 
identified anchorage protein Num1p. Deletion of MFB1 results in loss of the mother-tip-
localized mitochondrial population, defects in mitochondrial function and premature 
replicative ageing. Inhibiting mitochondrial inheritance to buds, by deletion of MMR1, in 
mfb1Δ cells restores mitochondrial distribution, promotes mitochondrial function and 
extends replicative lifespan. Our results identify a mechanism that retains a reservoir of 












2.1. Introduction:  
A hallmark of aging is the decline of mitochondrial function68-115. Activating 
pathways of mitochondrial quality control delays aging and extends lifespan in multiple 
organisms11,73,116. However, the homeostatic processes of mitochondrial repair and 
regeneration eventually fail with age and mitochondrial function declines117.  
In S. cerevisiae, mother cells produce a limited number of daughters over their 
lifespan and continue to age with each bud produced; however, daughter cells are born 
young, largely independent of the age of their mother cells. This finding, that yeast 
undergo mother-daughter age asymmetry, led to the model that aging determinants are 
retained in mother cells, while rejuvenating factors are selectively inherited by buds.  
Indeed, aging determinants including oxidatively damaged protein aggregates and 
extrachromosomal rDNA circles (ERCs) are selectively retained in mother cells.  In 
contrast, antioxidant activity is increased in daughter but not mother cells after 
cytokinesis.  Daughter cells also inherit more acidic vacuoles compared vacuoles in 
mother cells. Finally, defects in the asymmetric inheritance of these aging or 
rejuvenating factors results in defect in lifespan control (see Chapter I)15,53,73,97. 
Yeast daughter cells also preferentially inherit fitter mitochondria, that are more 
reducing and harbor lower levels of reactive oxygen species (ROS) compared to 
mitochondria in mother cells. Defects in the asymmetric inheritance of mitochondria also 
compromise mother-daughter age asymmetry6. Recent studies indicate that 
mitochondria are also asymmetrically inherited in mammalian cells and that this process 
affects cell fate. Specifically, self-renewal of mammary stem-like cells depends on the 
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preferential inheritance of young mitochondria, while older organelles segregate with 
somatic cell fates75.   
The mechanism underlying asymmetric inheritance of mitochondria in 
mammalian cells is not well understood. However, two mechanisms have been 
identified that promote inheritance of fitter mitochondria by yeast daughter cells. In one 
mechanism, the cytoskeleton drives transport of higher-functioning mitochondria from 
mother cells to buds and transport of low-functioning mitochondria in the opposite 
direction, from buds to mother cells. In the other, acidification of the vacuole maintains 
mitochondrial membrane potential in buds but not in mother cells. Manipulating either 
of these mitochondrial quality control pathways to reduce or increase mitochondrial 
quality in daughter cells results in shorter or longer replicative lifespans (RLS), 
respectively11,73. 
While the mechanisms that drive the preferential partitioning of fitter 
mitochondria to daughter cells are a topic of active investigation, it is unclear whether 
and how high-quality mitochondria must also be retained within the mother cell. Our 
previous studies revealed accumulation of mitochondria within the tip of the mother cell 
distal to the bud, but not the mechanisms or consequences of this process118. Other 
studies indicate that mitochondrial F-box protein (Mfb1p) is required for normal 
mitochondrial morphology119. Mfb1p is a non-canonical F-box protein that interacts with 
Skp1p but not the larger Skp1-Cullin-F-box (SCF) ubiquitin ligase complex or the 
proteasome and is required for normal mitochondrial distribution. Mfb1p has the 
capacity to bind to mitochondria. Moreover, it is asymmetrically distributed within yeast. 
Specifically, it is enriched on mitochondria in yeast mother cells119,120. We show here 
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that Mfb1p is required to retain a reservoir of high-quality mitochondria at the tip of 
dividing mother cells distal to the bud and for normal mother cell replicative lifespan.  
 
2.2. Results 
2.2.1. High-functioning mitochondria are anchored in mother tips 
Our previous studies revealed that mitochondria accumulate in and are anchored at the 
bud tip in budding yeast and that those mitochondria are higher-functioning compared to 
mitochondria in mother cells12,53. Here, we describe the mother cell tip as a second 
region for accumulation and anchorage of higher-functioning mitochondria. First, using 
a fluorescently tagged mitochondrial matrix protein (Cit1p-mCherry) to visualize 
mitochondria in living yeast cells, we confirmed our previous lower-resolution 
observations118 that mitochondria accumulate in the mother cell tip. Quantitative analysis 
of the abundance of mitochondria as a function of position in the yeast cell reveals that 
the proportion of mitochondria localizing to the mother tip is significantly higher than for 
other regions of the mother cell and comparable to the enrichment of mitochondria in the 
bud tip (Fig. 8a-c). 
Next, we tested whether mitochondria that accumulate in the distal tip of yeast 
mother cells are anchored at that site. Here, we reasoned that mitochondria that are 
anchored in the mother cell tip may also interact with the anterograde motility apparatus. 
If so, they will be under tension, and if the forces for anchorage of mitochondria in the 
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mother cell tip are greater than the forces for bud-directed anterograde movement, then 
mitochondria that move away from the mother cell tip will recoil back to the anchorage 
 
Figure 8: Mitochondria are anchored to and accumulate at the tip of the mother 
cell.  a-c. Wild-type yeast cells that express the mitochondria-targeted fusion protein, 
Cit1p-mCherry, were grown to mid-log phase and visualized by fluorescence 
microscopy.  a) Representative volume rendering of mitochondria. Cell outlines are 
shown in white. Arrow points to mitochondria accumulated in the mother cell tip. b) 
Schematic indicating regions of interest for quantification of mitochondrial distribution. 
c) Notched box plot of mitochondrial distribution in cells. Mitochondrial distribution was 
determined by measuring the integrated fluorescence of Cit1p-mCherry in regions 
defined in panel b. The central band in the box represents the median, boxes indicate 
the middle quartiles, and whiskers extend to the 5th and 95th percentiles; red dots 
indicate data points beyond this range. Data is representative of 3 independent 
experiments (n = 40). 
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site. Indeed, analysis of mitochondrial motility using 3D time-lapse imaging at high 
temporal resolution revealed mitochondrial “spring-back” events at the mother tip (Fig. 
8d). These spring-back events are distinct from retrograde movement from the bud 
toward the mother cell: the recoil occurs with significantly higher velocity than normal 
retrograde mitochondrial trafficking along actin cables (Fig. 8e). While we cannot 
exclude as-yet unknown mechanisms that may drive retrograde velocity during spring-
back, we suggest that it is driven by elastic tension within an organelle anchored at one 
end.  
Finally, our previous studies revealed that mitochondria within yeast cells can be 
functionally distinct6. However, these studies did not determine whether mitochondrial 
function is linked to their localization within the yeast mother cell. To correlate 
distribution with mitochondrial quality parameters, we assessed mitochondrial redox 
state as a function of position within mother cells using a redox-sensitive GFP variant 
targeted to the mitochondrial matrix (mito-roGFP1). In response to reduction or 
oxidation of the thiols of cysteine residues introduced to the GFP β-barrel, mito-roGFP1 
exhibits distinct excitation maxima77-121. Thus, measuring the ratio of reduced to 
 
Figure 8 continued:  d) Frames from a time-lapse series showing a mitochondrion 
(arrows) that undergoes bud-directed movement from the mother cell tip and then 
rapidly recoils to the mother tip. e) Velocity of mitochondria undergoing mitochondrial 
“spring-back” events, defined as described in Experimental Procedures, and typical 
retrograde motility. Error bars represent standard errors of the mean. Data is 
representative of 3 trials. Scale bars = 1 µm. Statistical significance was determined 
by Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.005. 
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oxidized mito-roGFP signal allows for real-time, ratiometric assessment of local redox 
states in mitochondria76.  
The dynamic range of mito-roGFP can be determined by measuring the reduced 
to oxidized ratio of mito-roGFP1 after treatment with oxidizing or reducing agents. 
Treatment of yeast with the reducing agent DTT or the oxidizing agent H2O2 results in 
a 40% increase and 20% decrease in the mito-roGFP ratio, respectively (Fig. 9a, 
Supplementary Fig. 1a). Using mito-roGFP1, we confirmed that daughter cells 
preferentially inherit mitochondria that are more reduced and therefore higher 
 
Figure 9: Mitochondria at the mother-tip represent a higher-functioning 
population. a) WT cells expressing mito-roGFP1 were grown to mid-log phase and 
visualized by fluorescence microscopy. Images are reduced/oxidized mito-roGFP1 
ratios. Color scale indicates ratio values; higher numbers and warmer colors indicate 
more reducing mitochondria. b) Quantitation of the relative mitochondrial roGFP1 ratio 
as a function of position within WT yeast cells containing large buds (bud diameter > 
50% of mother diameter) Local ratios were normalized to the ratio for the cell as a 
whole. n > 40 cells. Data is representative of 3 trials. Scale bars = 1 µm. Statistical 




functioning compared to mitochondria in mother cells (Fig. 9b). Beyond this, we find 
that mitochondria that are anchored at the mother tip of wild-type cells are 8-10% more 
reduced and therefore higher functioning compared to mitochondria in other maternal 
regions. Indeed, the redox state of mitochondria in the mother cell tip is similar to that 
of mitochondria that are anchored in the bud tip (Fig. 9a,b). Thus, we find that 
mitochondria accumulate in and are anchored at the mother cell tip and that these 
mitochondria are higher-functioning compared to other mitochondria in the mother cell.  
 
2.2.2. Mfb1p is required for mitochondrial retention in mother tips 
Previous studies identified Num1p as a protein that mediates anchorage of 
mitochondria to the cortex of yeast mother cells90,91,122. Importantly, recent studies 
indicate that most of the strains in the yeast knockout collection contain additional 
mutations in genes that affect lifespan through effects on nutrient or stress responses 
and may substantially confound the interpretation of single gene deletions.123 We thus 
first confirmed that deletion of NUM1 abolishes mitochondrial localization to most of the 
maternal cortex by constructing num1Δ strains de novo (Fig. 10a). Interestingly, 
however, accumulation of mitochondria in the mother cell tip occurs even in the absence 
of NUM1 (Fig. 10a,d). Deletion of NUM1 also does not affect physical anchorage of 
mitochondria in the mother cell tip: mitochondria exhibit spring-back events at that site 
even in num1∆ cells. (Fig. 10b). Thus, there is anchorage of mitochondria in the mother 
cell tip that is independent of Num1p. 
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To identify alternative maternal mitochondrial retention factors, we studied genes 
that showed positive genetic interactions with Mmr1p124,125. Previous studies indicate 
Figure 10: Mfb1p localizes to the mother cell tip and is required for Num1p-
independent anchorage of mitochondria at that site.  a-c. Cells expressing Cit1p-
mCherry were grown to mid-log phase and imaged by fluorescence microscopy. Cell 
outlines are shown in white. a) Representative 3D renderings of mitochondria in WT 
and num1Δ cells. Arrows point to mitochondria that accumulate in the mother cell tip 
in both genotypes. b) Frames from a representative time-lapse series showing a 
mitochondrial “spring-back” event at the mother tip of a num1Δ cell. Arrows mark the 
initial position of a mitochondrion that undergoes anterograde movement (t=1s-6s) and 
retraction (t=6s-7s).  c) Representative 3D renderings of mitochondria in in mfb1Δ and 
num1Δ mfb1Δ cells. d) Quantitation of the relative distribution of mitochondrial Cit1p-
mCherry in WT, num1Δ, mfb1Δ and num1Δ mfb1Δ cells in 5 zones as defined in 
Fig.1b). Error bars show the standard error of the mean (n>40). Data is representative 
of 3 independent experiments. Statistical significance was determined using Student’s 
t-test. * p < 0.05, ** p < 0.01, *** p < 0.005.  
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that Mmr1p, a member of the Delta/Serrate/LAG-2 (DSL) family of tethering proteins, is 
required for efficient mitochondrial inheritance by mediating anchorage of mitochondria 
in the bud tip and by serving as an adapter that links mitochondria to a type V myosin 
motor Myo2p12,88,126,127. Deletion of MMR1 causes severe defects in the accumulation 
of mitochondria in the bud. We expected that deletion of genes that have positive 
genetic interactions with MMR1 should conversely promote accumulation of 
mitochondria in buds, potentially by disrupting anchorage of the organelle in the mother 
cell tip. 
Among the strongest positive genetic interactions for MMR1 was MFB1124,125. 
We therefore examined mitochondrial distribution within mfb1∆ cells. Strikingly, deletion 
of MFB1 resulted in specific depletion of mitochondria from the mother cell tip by 86% 
compared to wild-type cells, and a dramatic shift of mitochondrial mass towards the 
mother cell neck and into the daughter cell (Fig. 10c,d). This was not due to changes in 
mitochondrial motility (Supplementary Fig. 2a-c). Thus, the accumulation of 
mitochondria at the mother cell tip largely depends on Mfb1p. 
Interestingly, despite the loss of mitochondrial mass from the mother tip, many 
cells retained at least one small mitochondrial fragment at the mother tip, suggesting 
that anchorage of mitochondria at this site was still not categorically abolished in mfb1∆ 
cells (Fig. 10d, Fig. 11a; Supplementary Fig. 2d). Therefore, we asked whether 
mitochondrial retention at the mother tip in the absence of Mfb1p was due to residual 
anchorage through Num1p. Indeed, deletion of NUM1 in mfb1∆ cells fully abolished 
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mitochondrial anchorage at the mother tip and aggravated the maternal retention defect 
observed in mfb1∆ cells (Fig. 10c,d). Together, these findings indicate that Mfb1p plays 
a major role in region-specific anchorage of mitochondria in the mother cell tip and 
Num1p plays a minor role in this process, through its function as a cortical anchor for 
mitochondria throughout the mother cell. 
To further assess the function of Mfb1p and Num1p in retention of mitochondria 
in mother cells, we studied the localization of both proteins. Previous studies revealed 
that Mfb1p is enriched in the mother cell tip and Num1p localizes to punctate structures 
at sites where mitochondria are closely apposed to the mother cell cortex90,120. We 
confirmed this localization of Num1p (Fig. 11a). Moreover, using optical sectioning, 3D 
reconstruction and digital deconvolution to visualize Mfb1p in living yeast (Fig. 11b) and 
quantitative analysis of the abundance of Mfb1p as a function of position within yeast 
 
Figure 11: Num1p and Mfb1p localize independently e-f. Cells expressing Cit1p-
mCherry and endogenously tagged Num1p-GFP or Mfb1p-GFP fusion proteins were 
grown to mid-log phase and imaged by fluorescence microscopy. e) Representative 
3D renderings of mitochondria and Num1p-GFP in WT and mfb1Δ cells. White arrows 
indicate residual Num1p-dependent mitochondrial retention at the mother tip in 
absence of Mfb1p. f) Representative 3D renderings of mitochondria and Mfb1p-GFP 





cells (Supplementary Fig. 5d), we find that the protein localizes to mitochondria that are 
anchored to the mother cell tip and is selectively enriched at that site. We also find that 
Mfb1p and Num1p localize independently: Mfb1p is not required for normal localization 
of Num1p or for normal levels of Num1p puncta at the cell cortex. Conversely, Num1p 
is not required for normal localization of Mfb1p (Fig. 11a,b; Supplementary Fig. 2e,f,g). 
Finally, we find that Num1p puncta localize to residual mitochondria that are anchored 
at the mother cell tip in mfb1∆ cells (Fig. 11a, Supplementary Fig. 2g). Thus we obtained 
additional evidence that this population is anchored there by Num1p. Together, these 
findings indicate that Mfb1p is a novel, Num1p-independent mitochondrial retention 
factor that is required for site-specific anchorage of mitochondria at the mother tip. Since 
Mfb1p localizes to mitochondria in the mother tip, it is possible that Mfb1p has a direct 
role in this process.  
Next, we asked whether anchorage of mitochondria in the mother tip depends 
on interactions with other cellular organelles. The yeast cell cortex contains extensive 
sheets of cortical endoplasmic reticulum (cER) as well as plasma membrane. Previous 
studies indicate that Num1p mediates anchorage of mitochondria to the plasma 
membrane of yeast mother cells90-91. On the other hand, mitochondria in the bud tip are 
anchored to cER12. To determine whether mitochondria that are anchored to the mother 
cell tip are anchored to cER at that site, we assessed mitochondrial morphology and 
distribution in cells that carry deletions in six genes (IST2, TCB1/2/3, SCS2 and SCS22) 
that collectively tether ER to the plasma membrane92. We confirmed that deletion of all 
6 genes results in loss of ER from the cortex. However, despite the collapse of cER, 
accumulation of mitochondria in the mother cell tip and mitochondrial morphology in 
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mother cells are not affected (Supplementary Fig. 3a). Similarly, ER localization is 
normal in mfb1Δ and num1Δ cells (Supplementary Fig. 3b). Thus, anchorage of 
mitochondria to the mother cell tip is independent of cER and likely occurs via 
interactions between mitochondria and the plasma membrane or other structures at the 
mother tip.  
 
2.2.3. Role for Mfb1p mitochondrial quality control and lifespan 
As higher-functioning mitochondria are anchored in the mother cell tip and Mfb1p 
is required for this region-specific anchorage event and also for normal yeast growth, 
we used mito-roGFP1 to determine whether deletion of MFB1 affects mitochondrial 
function in mother cells. Interestingly, deletion of MFB1 does not inhibit inheritance of 
fitter mitochondria by yeast daughter cells: mitochondria in the bud are more reduced 
compared to mitochondria in all regions of the mother cell, in both wild-type and mfb1∆ 
cells. (Fig. 12a,b,c). However, in mfb1∆ cells, residual mitochondria in the mother cell 
tip are no longer higher functioning compared to other mitochondria in the mother cell 
(Fig. 12a,c) and overall mitochondrial function in the mother cell is significantly lower 
than that of mitochondria in wild-type cells (Fig. 12d). Thus, although Num1p supports 
anchorage of a few residual mitochondria at the mother tip, it is insufficient for the 
anchorage of higher-functioning mitochondria at that site. Instead, Mfb1p is necessary 
to sustain anchorage of high-functioning mitochondria in the mother tip, and this 
process is required for overall mitochondrial function in yeast mother cells. 
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Since mitochondria are aging determinants, we asked whether MFB1 has a role 
in yeast lifespan. Aging studies in yeast can model two distinct forms of cellular aging128. 
Chronological lifespan, the survival time of stationary-phase, non-dividing yeast cells, 
is a model for stress resistance in post-mitotic cells. Replicative lifespan (RLS), the 
number of times that a cell can divide prior to senescence, is a model for aging of 
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division-competent cells. We find that mfb1Δ cells exhibit a severely shortened RLS 
(Fig. 12e). Specifically, the average RLS of wild-type and mfb1∆ cells is 26.7 and 12.1 
generations, respectively.  
Next, we tested the effect of deletion of MFB1 on yeast healthspan.  Early studies 
revealed that mean generation time of a yeast cell increases with age and is a general 
indicator of cellular healthspan129-130. We find that aging mfb1∆ cells have a longer 
mean generation time compared to age-matched wild-type cells, indicating that Mfb1p 
is required for normal yeast healthspan (Fig. 12f). Collectively, these results suggest 
that Mfb1p is critical for yeast lifespan and healthspan, potentially through its function 
in retention of a high-quality mitochondrial population in mother cells.  
Figure 12: Mfb1p is required for enrichment of high-functioning mitochondria 
in the mother cell tip, overall mitochondrial function and normal RLS. a-d. Cells 
expressing mito-roGFP1 were grown to mid-log phase and visualized by 
fluorescence microscopy as described in Experimental Procedures. a) 
Representative images of reduced/oxidized mito-roGFP1 ratios in WT and mfb1Δ 
cells. Higher numbers and warmer colors indicate more reducing mitochondria. 
Arrows highlight mitochondria at the mother tip. Cell outlines are shown in white; 
scale bar = 1 µm. b-c. Comparison of the reduced/oxidized mito-roGFP1 ratio, 
normalized to the whole-cell ratio, in WT and mfb1Δ cells, between b) mother and 
bud, and c) 5 zones of the cell as defined in Fig. 1b (n > 40 cells per strain). d) 
Comparison of absolute mito-roGFP1 ratio between WT and mfb1Δ cells (n > 40 per 
strain). Central bands in the boxes represent the median, boxes indicate the middle 
quartiles, and whiskers extend to the 5th and 95th percentiles; red dots indicate data 
points beyond this range. All data is representative of 3 independent experiments. e) 
Kaplan-Meier survival plot of replicative lifespan (RLS) of WT and mfb1Δ mother 
cells. Cells were grown to mid-log phase, arranged via micro-manipulation and RLS 
of newborn cells was determined from their first division as described in 
Experimental Procedures (n > 40 for each strain in 2 independent experiments). f) 
Mean generation time was calculated as the number of minutes between cell 
divisions during the RLS experiments for WT and mfb1Δ cells of different replicative 
ages. Error bars represent standard errors of the mean. For panel e, statistical 
significance was determined using the log-rank test: WT vs mfb1Δ, p < 10-11 . For 
other panels, statistical significance was determined using Student’s t-test; * p < 





2.2.4. MMR1 deletion rescues defects in mfb1Δ cells 
We hypothesized that the impaired mitochondrial quality and premature aging of 
mfb1Δ cells might be due to the disproportionate transfer of high-quality mitochondria 
into daughter cells. If this is the case, then inhibition of mitochondrial inheritance to 
daughter cells should rescue mitochondrial and cellular fitness in mfb1Δ cells. To test 
this hypothesis, we took advantage of previous observations that deletion of MMR1 and 
the associated defect in anchorage of mitochondria in the bud tip and/or transport of 
mitochondria from mother cells to buds results in increased accumulation of 
mitochondria in mother cells6. We find that deletion of MMR1 in mfb1Δ cells does not 
restore mitochondrial accumulation specifically at the mother tip (Fig 13a,b). However, 
 
Figure 13: Deletion of MMR1 rescues defects in mitochondrial inheritance in 
mfb1Δ cells. a-b. Cells expressing Cit1p-mCherry were grown to mid-log phase and 
visualized by fluorescence microscopy. a) Representative 3D-renderings of WT, 
mfb1Δ, mmr1Δ, and mfb1Δ mmr1Δ cells. b) Relative mitochondrial Cit1p-mCherry 
intensity distribution in WT, mfb1Δ, mmr1Δ and mfb1Δ mmr1Δ cells in regions as 
defined in Fig. 1b. The data shown for WT and mfb1∆ cells are the same as in Fig. 
2d. Data (n > 40 for each strain) is representative of 3 independent experiments. 
Error bars are standard errors of the mean. * p < 0.05, ** p < 0.01, *** p < 0.005. 
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the overall distribution and the partitioning of mitochondria between mother and bud in 
mfb1∆ mmr1∆ cells are similar to those observed in wild-type cells (Fig 13a,b).  
To test whether MMR1 deletion also restores mitochondrial quality in mfb1Δ 
cells, we assessed mitochondrial redox state via mito-roGFP1. In addition we employed 
DiOC6, a fluorescent dye that responds to mitochondrial membrane potential131, as an 
additional indicator of mitochondrial quality (Supplementary Fig. 4a). To control for 
variations in total mitochondrial mass, we normalized DiOC6 fluorescence to that of 
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Tom70p-mCherry, a protein that is imported into mitochondria in a membrane potential-
independent manner132. We found that restoring mitochondrial distribution in mfb1Δ 
cells by deleting MMR1 also improved overall mitochondrial redox state and membrane 
potential (Fig. 14a.b). 
Finally, to determine whether the observed increase in mitochondrial function 
also affects cellular fitness, we studied the growth rates and RLS of mmr1∆ mfb1∆ cells. 
Deletion of MMR1 in a wild-type background results in two populations of yeast cells. 
One population exhibits extended RLS and has mitochondria that are higher-functioning 
compared to those observed in wild-type cells. The other population ages prematurely 
and has lower-functioning mitochondria6. We find that there is no short-lived population 
Figure 14: Deletion of MMR1 restores mitochondrial and cellular fitness in 
mfb1Δ cells. a) Mid-log-phase cells expressing mito-roGFP1 were visualized by 
fluorescence microscopy. Panels show representative images (left) and quantitation 
(right) of the whole-cell reduced/oxidized mito-roGFP1 ratio in WT, mfb1Δ, mmr1Δ, 
and mfb1Δ mmr1Δ cells; higher numbers and warmer colors indicate more reducing 
mitochondria (n > 40 for each strain). Data is representative of 3 independent trials. 
b) Mid-log-phase cells expressing endogenously tagged Tom70p-mCherry were 
labeled with DiOC6 and relative ΔΨ was determined from the DiOC6 /Tom70p-
mCherry intensity ratio as described in Experimental Procedures. Panels show 
representative images (left) and quantitation (right) of the whole-cell DiOC6 
/Tom70p-mCherry ratio. (n > 200 from independent 3 trials); higher numbers and 
warmer colors indicate higher ΔΨ. c) Kaplan-Meier survival plot showing RLS in WT, 
mfb1Δ, mmr1Δ and mfb1Δ mmr1Δ cells. Data shown for WT and mfb1∆ cells are the 
same as in Fig. 12e.  d)  Growth curves for WT, mmr1Δ, mfb1Δ and mfb1Δ mmr1Δ 
cells in SC medium at 30°C. Maximum growth rates were calculated for intervals of 
2h. b,f. Error bars are standard errors of the mean. a-b. Central bands in the boxes 
represent the median, boxes indicate the middle quartiles, and whiskers extend to 
the 5th and 95th percentiles; red dots indicate points beyond this range. For all 
images, cell outlines are shown in white; scale bars = 1 µm. Statistical significance 
was determined using the Wilcoxon Rank-Sum test (b), the log-rank test for panel (c) 
(WT vs mfb1Δ, p < 10-11; WT vs mfb1Δ mmr1Δ, p = 0.259; mfb1Δ vs mfb1Δ mmr1Δ, 
p < 10-9; mmr1Δ vs mfb1Δ mmr1Δ, p < 0.05) or the Student’s t-test (a,d). * p < 0.05, 
** p < 0.01, *** p < 0.005.  
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of mfb1∆ mmr1∆ cells. Moreover, we find that double-mutant cells exhibit a RLS that is 
longer than that of mfb1∆ cells (Fig. 14c). Thus, deletion of MFB1 extends RLS in 
mmr1∆ cells and vice versa. Deletion of MMR1 in mfb1Δ cells also rescued cellular 
growth rates (Fig. 14d). Overall, these results indicate that Mfb1p and Mmr1p have 
antagonistic effects in controlling mitochondrial partitioning, and that the 
disproportionate loss of mitochondria from mother cells is the primary cause for cellular 
growth defects and premature aging in mfb1∆ cells.  
 
2.2.5. Association of Mfb1p with mitochondria to the bud tip  
We next asked how the Mfb1p-dependent mitochondrial anchorage site is 
established. It is possible that Mfb1p binds preferentially to higher-functioning 
mitochondria, so that localization of the protein to the mother cell tip results in an 
enrichment of high-quality mitochondria at that site. If so, then treatments that 
compromise mitochondrial quality should abolish Mfb1p-dependent mitochondrial 
anchorage at the mother tip. Indeed, previous results suggest that endogenous 
pathways of mitochondrial quality control are sensitive to the loss of membrane potential 
and to mitochondrial oxidative stress133-134. Therefore, we treated cells with paraquat 
(PQ), an agent that generates superoxide in mitochondria and other cellular 
compartments135,136, at concentrations that render mitochondria more oxidized and 
inhibit, but do not abolish, growth (data not shown). We also treated cells with the proton 
ionophore Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), under 
conditions that results in loss of membrane potential (Supplementary Fig. 4a). Neither 
acute nor chronic exposure to PQ nor treatment with FCCP affected Mfb1p-dependent 
59 
 
mitochondrial anchorage (Supplementary Fig. 5a,c), or localization of  Mfb1p to the 
mother cell tip (Supplementary Fig. 5a,d-g). Therefore, binding of Mfb1p to mitochondria 
is not affected by mitochondrial membrane potential or ROS levels.  
Instead, we find that Mfb1p undergoes cell cycle-regulated localization to sites 
of anchorage and accumulation of higher-functioning mitochondria. Our previous 
studies revealed that higher-functioning mitochondria that are more reducing and 
contain less ROS are anchored in the yeast bud tip6. Using DiOC6 and Tom70p-
mCherry, we find that mitochondria in the bud tip also have a higher membrane potential 
compared to mitochondria in the mother cell (Fig 14b).  
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Surprisingly, our long-term time-lapse imaging revealed that some Mfb1p 
localizes to the bud tip at late stages in the cell division cycle. Although the majority of 
Mbf1p localizes to the mother cell tip, we detect some Mfb1p in the bud tip after 
migration of the nucleus from the mother cell to the bud, roughly 40 min before 
cytokinesis. We also observe an increase in the amount of Mfb1p in the bud tip with 
time as cells progress toward cytokinesis (Fig. 15a,c). Since higher-functioning 
mitochondria are anchored in the bud tip, localization of Mfb1p to that site late in the 
cell cycle may allow Mfb1p to interact specifically with higher functioning mitochondria. 
Interestingly, we find that this localization of Mfb1p to the bud tip late in the cell 
cycle also contributes to its localization in the mother cell tip during the next yeast cell 
generation. In haploid yeast cells, new buds emerge adjacent to the site of the previous 
cytokinesis. One consequence of this axial budding pattern is that the bud tip of a 
haploid daughter cell becomes the mother cell tip when that daughter cell becomes a 
Figure 15: The Mfb1p-dependent mitochondrial retention site is established 
within the developing bud in late M-phase. a-b. Representative time-lapse series 
of mitochondrial inheritance. Cells expressing Cit1p-mCherry and either (a) Mfb1p-
GFP or (b) Pho88p-GFP were grown to mid-log phase, loaded into a CellASIC 
microfluidic chamber and imaged at 10-min intervals for 12 hr under perfusion with SC 
medium. White arrows indicate the bud tip that turns into the mother tip during BTMT 
in the newborn cell (purple outline). Maternal cell outlines are shown in white. Scale 
bars = 1 µm. a) The time course of mitochondrial and Mfb1p-GFP distribution was 
visualized by fluorescence microscopy in WT cells. b) In WT and mfb1Δ cells, 
mitochondria and the ER marker Pho88p-GFP were visualized by fluorescence 
microscopy and allows observation of nuclear inheritance at ca. -40 min. c) The 
accumulation of Mfb1p-GFP at the tip of the developing bud was quantified as total 
intensity (n > 30 in 3 trials). Data was fitted to a quadratic polynomial (dotted line). d) 
Quantitation of the relative distribution of mitochondrial Cit1p-mCherry signal as a 
function of time between bud-neck and bud-tip as defined in Fig. 8b in WT and mfb1Δ 
cells (n > 40). Data is representative of 3 independent experiments. Error bars 
represent standard errors of the mean. Statistical significance was determined using 
Student T-test; * p < 0.05, ** p < 0.01, *** p < 0.005. Cell Outlines are shown in white.   
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mother cell17,137. We will refer to this well-characterized event as bud-to-mother-tip 
transition (BTMT). BTMT is readily detected by monitoring Mfb1p localization in long-
term time-lapse imaging. Mfb1p that localizes to the bud tip late in the cell division cycle 
persists at that site as the bud tip becomes the mother tip after the bud separates from 
its mother cell and undergoes the next round of cell division (Fig. 15b,Fig. 16). Thus, 
localization of Mfb1p to the bud tip late in the cell division cycle places it at the site that 
will become the mother tip after the BTMT. 
Finally, we asked whether Mfb1p at the bud tip also functions in anchorage of 
mitochondria at that site late in the cell cycle. Our long-term time-lapse imaging 
revealed that 40% of the mitochondria that are anchored in the bud tip are released 
from that site at 30 min prior to cytokinesis (Fig. 15b,d). Since release of mitochondria 
from the bud tip and localization of Mfb1p to the bud tip occur at roughly the same time 
in the cell cycle, we tested whether Mfb1p is required for retention of some mitochondria 
in the bud tip. Indeed, we find that deletion of MFB1 causes additional release of 
mitochondria from the yeast bud tip. In contrast to wild-type cells, where only 40% of 
the mitochondria are released, 86% of the mitochondria are released from the bud tip 
in mfb1∆ cells (Fig. 15b,d). Together, these findings indicate that an Mfb1p-dependent 
mitochondrial retention site is established at the bud tip prior to cytokinesis, and are 
consistent with the notion that mother tip-specific enrichment of high-quality 
mitochondria originates from Mfb1p-dependent capture of higher-functioning 






Previous studies indicate that mitochondria are anchored in the yeast bud tip and 
that this process is required for mitochondrial inheritance, mitochondrial quality control 
during inheritance, and yeast lifespan control6,53. Other studies indicate that 
mitochondria also accumulate in the tip of the mother cell distal to the bud118. Here, we 
observe that mitochondria that accumulate in the mother cell tip are under tension and 
are therefore anchored at that site. Finally, although mitochondria are anchored in the 
bud tip by association with cER which itself is anchored to the plasma membrane12, we 
find that cER is not required for anchorage of mitochondria in the maternal cortex or the 
 
Figure 16: A model of Mfb1p-mediated mitochondrial retention: (1) High-
functioning mitochondria (green) are partitioned between mother and bud tip, by 
Mfb1p-dependent anchorage at the mother and anterograde trafficking of 
mitochondria along actin cables into the emerging bud (purple outline). (2) Post-
nuclear inheritance, Mfb1p accumulates and partially retains mitochondria at the bud 
tip. (3) WT: Mfb1p maintains a high-functioning mitochondrial population throughout 
BTMT and following division cycles. mfb1Δ: in absence of Mfb1p, mother-tip specific 
mitochondrial retention fails and high-functioning mitochondria are disproportionally 





mother cell tip. Thus, mitochondrial anchorage in the mother cell presumably occurs 
through the plasma membrane or some other structures at the mother tip. 
Intriguingly, we found that mother-tip specific anchorage is not affected by 
deletion of Num1p, a protein that mediates cortical anchorage of mitochondria 
throughout the mother cell90-91. Instead, we here identify a novel role for Mfb1p in 
sustaining site-specific accumulation and anchorage of mitochondria at the mother tip 
of budding yeast cells. We find that Mfb1p localizes to mitochondria that are anchored 
in the mother cell tip. Moreover, deletion of MFB1 results in loss of 87% of the 
mitochondria from the mother cell tip. Conversely, Num1p-mediated anchorage to the 
mother cell cortex occurs normally in mfb1Δ cells. We thus confirm the role of Num1p 
in cortical mitochondrial anchorage and find that Mfb1p is required for site-specific 
mitochondrial anchorage at the mother tip. As of yet, the mechanisms for Mfb1p-
dependent mother-tip specific mitochondrial anchorage remain to be identified. Since 
Mfb1p localizes to mitochondria in the mother cell tip, it is possible that Mfb1p plays a 
direct role in anchorage of the organelle at this site. Together, Num1p and Mfb1p largely 
explain mitochondrial anchorage and retention in the mother cell in S. cerevisiae.  
The evolution of two independent maternal anchorage mechanisms in yeast 
strongly suggests distinct functions for these two systems. Intriguingly, we found that 
the mother cell tip mitochondria are less oxidized than those elsewhere in the mother 
cell. This finding was surprising, as mitochondria, both in yeast and in mammalian cells, 
undergo fusion and fission cycles, which suggests that any qualitative differences 
should dissipate through content mixing74. However, since mitochondria in mother cells 
are functionally distinct, they must also be physically distinct. Indeed, previous studies 
64 
 
indicate that mRNA for DNM1, the mitochondrial fission gene, is enriched in the bud tip 
and relies on the mRNA transport adapter She2p for that localization13. Therefore, it is 
possible that mitochondrial fusion and/or fission may occur in a region-specific manner.  
Strikingly, we find that a population of mitochondria that is highly reduced and 
therefore higher-functioning, is anchored in the mother cell tip. We also find that deletion 
of MFB1 results in defects not just in anchorage of mitochondria in the mother cell tip, 
but in the enrichment of higher-functioning mitochondria at that site. Specifically, we 
find that residual mitochondria that undergo Num1p-dependent anchorage at the 
mother tip in mfb1∆ cells are not high-functioning. Thus, our studies support a role for 
Num1p in cortical anchorage of mitochondria, but not in mitochondrial quality control. 
In contrast, we find that Mfb1p is necessary to sustain not only quantity but also quality 
of maternal mitochondria, and does so in a region-specific manner.  
As mitochondria are established aging determinants in yeast and other 
eukaryotes, we asked whether MFB1 influences overall mitochondrial fitness, RLS and 
healthspan. Interestingly, deletion of MFB1 does not inhibit asymmetric inheritance of 
mitochondria: fitter mitochondria are still anchored in the bud tip of mfb1∆ cells and are 
therefore destined for inheritance by mfb1∆ daughter cells. However, the deletion of 
MFB1 results in an overall decrease in mitochondrial function, as well as reduced RLS 
and healthspan. Specifically, mitochondria in mfb1∆ cells are more oxidizing and harbor 
lower membrane potential compared to mitochondria in wild-type cells. Moreover, 
deletion of MFB1 results in a 50% decrease in cellular RLS and rapid increase in mean 
generation time at all but the first stages of their replicative lifespan. 
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To determine whether the defects in mitochondrial function, and cellular lifespan 
and healthspan are due to the disproportionate loss of mitochondria to daughter cells, 
we tested whether inhibiting mitochondrial inheritance in mfb1∆ cells could rescue 
mitochondrial function and cellular lifespan. Previous studies indicate that deletion of 
MMR1 inhibits mitochondrial inheritance by inhibiting anchorage of mitochondria in the 
bud tip and/or transport of mitochondria across the bud neck12,88,126,127. We find that 
deletion of MMR1 rescues mitochondrial distribution, mitochondrial quality and cellular 
aging defects in mfb1∆ cells. Furthermore, we find that deletion of MFB1 prevents 
premature ageing observed in mmr1∆ single mutants. Together, these results suggest 
that defects in cellular RLS and mitochondrial fitness in mfb1∆ cells are primarily due to 
mitochondrial inheritance defects. Specifically, our findings suggest that Mfb1p is critical 
for balanced partitioning of high-functioning mitochondria: to ensure that buds receive 
fitter mitochondria, while avoiding depletion of all high-functioning mitochondria from 
mother cells.   
We find no evidence for selective binding of Mfb1p to higher-functioning 
mitochondria. However, as described above, higher-functioning mitochondria are 
preferentially inherited by yeast daughter cells and are retained in the daughter cell by 
anchorage to the yeast bud tip. We find that some Mfb1p localizes to the bud tip and is 
required for bud-tip anchorage of mitochondria during late stages in the cell cycle.  
We also obtained evidence that the cell polarity machinery of yeast contributes 
to Mfb1p localization and function in anchorage of higher-function mitochondria in 
mother cells. In haploid yeast, newborn cells bud at sites adjacent to the site of the 
previous cytokinesis17,137. As a result, the bud tip in the developing daughter cell 
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becomes the mother tip in the mature cell. Thus, localization of Mfb1p to the bud tip at 
the end of the cell division cycle places it and its associated higher-functioning 
mitochondria at the presumptive mother cell tip in the next round of cell division. Based 
on these results, we propose that the specific enrichment of highly reduced 
mitochondria at the tip of mature mother cells originates in their early capture, first by 
Mmr1p and later by Mfb1p, during development of the bud. Conversely, we suggest 
that deletion of MFB1 overrides the rejuvenating effects of asymmetric mitochondrial 
inheritance, as high-quality mitochondria cannot be retained in future cell divisions and 
premature ageing occurs (Fig. 16).  
An open question that remains is whether and how Mfb1p in wild type cells may 
contribute to mitochondrial quality control and cellular lifespan, beyond the initial 
retention of high-quality mitochondria in mother cells during the first cell divisions. Since, 
the fundamental polarity of haploid yeast cells (unipolar budding) remains generally 
intact with age137, it is possible that the mother cell tip and Mfb1p-dependent 
mitochondrial anchorage at this site persist throughout the cells replicative lifespan. As 
a result, Mfb1p-dependent anchorage may continue to ensure the partial retention of 
high-quality mitochondria during cell division, as cells age. Interestingly, mother cells 
must replenish their mitochondrial population after each cell division. Since 
mitochondria are only produced from pre-existing mitochondria, mitochondria derived 
from high-functioning mitochondria that were retained by Mfb1p will also be higher 




Overall, our results supports a role for the non-canonical F-box protein Mfb1p in 
region-specific retention of a high-functioning pool of mitochondria in the tip of mother 
cell distal to the bud. They also indicate that this process is required for mitochondrial 
quality control during inheritance and for normal replicative lifespan and healthspan in 
budding yeast cells. Since Mfb1p localizes to mitochondria that are anchored in the 
mother cell tip and has the capacity to bind to mitochondria, it is possible that it plays a 
direct role in this anchorage process. Finally, although Mfb1p localizes to mitochondria 
that are anchored in the mother cell tip throughout the cell cycle, we obtained evidence 
that some Mfb1p localizes to the bud tip late in the cell division cycle. Since the bud tip 
of haploid yeast daughter cells becomes the mother cell tip when those daughters 
become mother cells, this process may allow the protein to associate with high-
functioning mitochondria and anchor those mitochondria in the mother cell tip after the 
bud to mother transition. Finally, since asymmetric inheritance of mitochondria occurs 
in mammalian cells and affects cell fate75, it is possible that similar mechanisms for 
region-specific retention of higher-functioning mitochondria during asymmetric cell 
division occur in other eukaryotes. 
 
 
2.4. Experimental Procedures  
 
2.4.1. Yeast growth conditions 
All S. cerevisiae strains used in this study were derived from wild type BY4741 
(MATa his3Δ0, leu2Δ0, met15Δ0, ura3Δ0) from Open Biosystems (Huntsville, AL), 
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unless otherwise specified. Yeast cells were propagated and manipulated as previously 
described138. With the exception of experiments for the determination of replicative 
lifespan (RLS), all cells were grown at 30°C with shaking in synthetic complete (SC) 
medium unless otherwise stated. For strains requiring selection appropriate SC dropout 
medium was used. For imaging experiments, all strains were grown overnight in liquid 
culture and diluted 4 hrs prior to image acquisition so that cultures were growing in 
logarithmic phase at the time of imaging. 
 
2.4.2. Yeast strain construction 
All knockout strains (Supplementary Table 1) were created by replacing the 
target genes with knockout cassettes containing the selectable markers LEU2, URA3 
or KanMX6 through homologous recombination according to previously described 
protocols139-140 . Briefly, PCR fragments containing an appropriate selectable marker 
flanked by 40bp of homology to regions immediately upstream and downstream of the 
target gene open reading frame were amplified using primers and plasmids listed in 
Tables 2 and plasmids pFA6a-kanMX6, pOM12 or pOM13 (Addgene). Transformations 
were carried out using the lithium acetate method139. Transformants were selected on 
SC dropout plates for auxotrophic markers or rich glucose-based medium yeast extract 
peptone dextrose (YPD) medium plates containing 200 µg/ml Geneticin (Sigma-Aldrich, 
St. Louis MO) to select KanMX6-positive cells. Positive transformants were confirmed 
by PCR.  
To create strains expressing fluorescently tagged fusion proteins such as Cit1-
mCherry, we followed the method outlined above; however, PCR fragments were 
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amplified from plasmids pFA6a-GFP(S65T)-kanMX, pCY3090-02, pCY3080-07 
(Addgene), pWP63 or pWP64 (available on request) to contain the coding regions for 
GFP(S65T), mCherry, Citrine, YFP and CFP, followed by kanMX6, hphMX4, zeocin or 
LEU2 respectively. The homology of the flanking regions was designed to insert the 
cassette in frame with the target ORF’s 3’end. Selection was carried out on YPD plates 
using 200 µg/ml Geneticin (for KanMX6) (Sigma-Aldrich, St. Louis MO) or 300 µg/ml 
Hygromycin B (for hphMX4) (Life Technologies, Carlsbad CA).  
 
2.4.3. Microscopy 
Fluorescence microscopy was carried out on one of the following systems: (1) 
an inverted AxioObserver.Z1 microscope with a 100x/1.3 oil EC Plan-Neofluar objective 
(Zeiss, Thornwood, NY), an Orca ER cooled charge-coupled device (CCD) camera 
(Hamamatsu, Bridgewater, NJ), a metal-halide lamp  and an Light-emitting diode (LED) 
Colibri system (Zeiss) including LED wavelengths at 365 and 470 nm; (2) a Nikon A1R 
MP laser scanning confocal attachment on a Nikon Ti Eclipse inverted microscope 
using a 100x/1.45 Plan Apo Lambda oil-immersion objective and standard lasers and 
filters (Nikon Instruments, Melville, NY); (3) a spinning-disk confocal microscope 
combining a CSU-X1 spinning disk attachment (Yokogawa Electronic Corporation, 
Tokyo, Japan) on a Nikon Ti Eclipse inverted microscope (Nikon) equipped with an 
EMCCD camera (Evolve, Photometrics, Tucson, AZ),  50 mW lasers at 488 and 561 
nm, standard emission filters and a CFI Plan Apo 100x 1.45 NA oil objective (Nikon). 
System (1) was controlled by ZEN software (Zeiss). Systems (2) and (3) were controlled 
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by NIS Elements Advanced Research software (Nikon). Details are given within the 
sections below describing each experiment.  
 
2.4.4. Analysis of mitochondrial distribution 
Analysis of mitochondrial distribution was performed as previously described12. 
Cells expressing tagged Cit1p-mCherry from the endogenous locus were imaged on 
System (1) using a standard rhodamine filter set (Zeiss filter set 43 HE; excitation FT 
570, emission 605/70). Images were collected through the entire cell depth (21 z 
sections at 0.3-µm intervals), using 1x1 binning, 200ms exposure and analogue gain at 
216. Images were deconvolved using an iterative restoration algorithm (Volocity, 
Perkin-Elmer, Waltham, MA). The relative distribution of mitochondrial mass was 
estimated by determining total mitochondrial voxel intensity in thresholded, 
deconvolved wide-field z-series of budding cells, for 3 equal regions in mothers, and 2 
equal regions in daughter cells, as defined in Fig. 1b. Mother and bud compartments 
were identified in corresponding transmitted-light images. Cells with buds of diameter 
smaller than 0.2 µm (measured along the mother-bud axis) were excluded. 
 
2.4.5. Analysis of mitochondrial motility: 
To determine frequency and velocity of mitochondrial movements, cells 
expressing Cit1p-mCherry from the endogenous locus were imaged on System (2). 3D 
time series were collected consisting of a z-series (3 µm at 0.5-µm intervals) every 1 s 
for a total of 30 s. Images were deconvolved using an iterative restoration algorithm and 
analyzed in Volocity (Perkin-Elmer, Waltham, MA). Mitochondrial movement was 
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scored using mitochondrial tips or leading edges of mitochondrial tubules that moved 
for three consecutive frames in the same direction. Mitochondrial spring-back events 
were defined as motility events in which mitochondria that remain associated with the 
mother cell tip undergo movement in the anterograde direction followed by a retrograde 
movement of the organelle back to its original position within the 30 sec time of imaging. 
 
2.4.6. Analysis of mitochondrial redox state and mitochondrial membrane 
potential: 
For Mito-roGFP1 imaging, select strains were transformed with a centromeric 
plasmid for constitutive expression of roGFP1 fused to the mitochondrial targeting 
sequence of ATP96,76. To assess the functionality and dynamic range of the mito-
roGFP1 signal in response to oxidizing and reducing conditions, cells were treated with 
5 mM H2O2 or 5 mM DTT for 30 min, while shaking at 30°C, prior to imaging. For all 
experiments, mito-roGFP1 imaging was performed on System (1) using alternating 
excitation by LEDs at 365nm and 470nm, using 150-ms exposure and 25% LED power, 
and 200-ms exposure and 100% LED power respectively, through a modified GFP filter 
(Zeiss filter Set 46 HE with excitation filter removed; dichroic FT 515, emission 535/30 
nm). Images were collected through the entire cell depth (15 z sections at 0.4-µm 
intervals) using 1x1 binning and analogue gain at 216. Images were deconvolved using 
an iterative restoration algorithm and analyzed in Volocity. The reduced-to-oxidized 
mito-roGFP ratio was calculated by dividing voxel-by-voxel intensity of the reduced (λex 
= 470 nm, λem = 525 nm) over oxidized (λex = 365 nm, λem = 525 nm) channels in 
Volocity software using background selection and thresholding steps. The resulting ratio 
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channel was measured while excluding zero values. Mother and bud compartments 
were identified in corresponding transmitted-light images. To assess the relative 
mitochondrial redox state within different areas of the cell, mothers and buds were 
divided into 5 regions of interest according to Fig. 1b. Cells with buds of diameter 
smaller than 0.2 µm (measured along the mother-bud axis) were excluded. 
 
2.4.7. Analysis of mitochondrial membrane potential using DiOC6  
To assess mitochondrial membrane potential, cells expressing Tom70p-
mCherry from the endogenous locus were stained with DiOC6 (Life Technologies, 
Carlsbad CA)73. Mid-log phase cells were washed once in 10 mM HEPES, pH 7.6, 
containing 5% glucose. Cells were incubated in the same buffer with 17.5 nM DiOC6 
and 0.1% ethanol for 15 min. Cells were washed three times in buffer and imaged 
immediately, using System (1). DiOC6 fluorescence and Tom70p-mCherry 
fluorescence were excited by a metal-halide lamp through a GFP filter (Zeiss filter set 
46 HE) and a rhodamine filter (Zeiss filter set 43 HE; excitation FT 570, emission 
605/70) respectively, using 1x1 binning and analogue gain at 216. The entire cell depth 
was imaged in 15 z-slices at 0.5 µm intervals. DiOC6 signal dissipates noticeably after 
as little as 1 min after cells are mounted onto coverslips (Adam L. Hughes; personal 
communication; and data not shown). Therefore, only a single image was collected for 
each prepared slide. For FCCP treatment, 10 µM FCCP (Sigma-Aldrich, St Louis, MO) 
was added during the 15-min DiOC6 incubation. Images were deconvolved using an 
iterative restoration algorithm and analyzed in Volocity (Perkin-Elmer, Waltham MA). 
Membrane potential was estimated as the mitochondrial DiOC6 fluorescence intensity 
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normalized to mitochondrial mass, by dividing voxel-by-voxel intensity of the DiOC6 
channel by the Tom70p-mCherry channel. The resulting ratio channel was measured 
while excluding zero values. Mother and bud compartments were identified in 
corresponding transmitted-light images. Cells with buds of diameter smaller than 0.2 
µm (measured along the mother-bud axis) were excluded. 
 
2.4.8. Analysis of Mfb1p sensitivity to mitochondrial stress 
Relative mitochondrial and Mfb1p distribution was quantified within ROIs in cells 
expressing Tom70p-mCherry and Mfb1p-Citrine from the endogenous loci. The Citrine 
tag was used because stress-induced mitochondrial autofluorescence produces high 
background in CFP and GFP channels. To disrupt membrane potential, cells were 
treated for 15 min with 10 µM FCCP.  To induce oxidative stress via superoxide 141, 
cells were treated with 20 mM Paraquat (PQ) (Sigma-Aldrich, St. Louis MO) for 30 min 
for acute high-level exposure or with 2.5 mM PQ for 12 hrs for chronic low-level 
exposure in shaking SC liquid culture at 30°C. 
 
2.4.9. Replicative lifespan analysis 
Replicative lifespan (RLS) measurements were performed as described 
previously142, without alpha-factor synchronization. Briefly, frozen glycerol stocks of 
select strains (stored at -80°C) were streaked out on YPD plates and grown for 2 days. 
Single colonies were grown overnight in liquid YPD at 30°C, diluted and grown to 
exponential phase for 4 hrs in YPD at 30°C. 2 µl of the cell suspension was streaked 
onto a YPD plate and small-budded cells were isolated and arranged in a matrix using 
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a micromanipulator mounted onto a dissecting microscope (Zeiss, Thornwood, NY). 
Upon completion of budding, mother cells were discarded; the time and number of 
divisions of the corresponding daughter cells was recorded until all replication ceased. 
 
2.4.10. Long-term fluorescence microscopy 
Long-term imaging of yeast cells over multiple rounds of cell division was 
performed by loading cells growing in mid-log phase into a CellASIC (EMD Millipore, 
Billerica, MA) microfluidic flow chamber (Y04C plate) controlled by the ONIX Control 
System and software (EMD Millipore, Billerica, MA). The chamber was kept at 30°C, 
and cells were perfused with SC medium. The chamber was and mounted on system 
(3). Strains expressing Cit1-mCherry and either Pho88-GFP or Mfb1-GFP respectively 
were imaged using excitation at 561 nm (mCherry) and 488 nm (GFP). 3D time series 
were collected consisting of a z-series (3 µm at 0.5-µm intervals) every 10 min for a 
total of 12 hr. Images were deconvolved using an iterative restoration algorithm and 
analyzed in Volocity (Perkin-Elmer, Waltham MA).  
 
2.4.11. Statistical methods 
Statistical tests were performed in Microsoft Excel or R-3.1.0. According to data 
structure, p-values were determined using appropriate variants of the Student’s t-test 
for normal distributions, Wilcoxon Rank-Sum test for non-parametric data, log-rank test 
for RLS data and Fisher’s exact test for count data (see figure legends for details and 
significance thresholds). Sample sizes were chosen based on a qualitative assessment 
of variability and reproducibility for each individual experiment. 
75 
 








Supplementary Figure 1: roGFP allows ratiometric assessment of mitochondrial 
redox state a) Notched box plot of the average reduced/oxidized mito-roGFP1 ratio 
in WT cells treated with H2O2 (5 mM) or DTT (5 mM) relative to untreated cells. n > 
40 cells per condition. Statistical significance was determined using the Student’s t-























Supplementary Figure 2: Independent function of Num1p and Mfb1p a-c. To test 
for changes in motility upon deletion of MFB1 that could explain the lack of 
mitochondrial accumulation at the mother tip (either increased anterograde trafficking 
or decreased retrograde trafficking), a) ratio of frequency of anterograde events to that 
of retrograde events, b) velocity and c) processivity of anterograde and retrograde 
mitochondrial motility events were measured in cells expressing Cit1p-mCherry. Z-
series were collected every 1 s for 30 s and analyzed as described in Experimental 
Procedures. Error bars represent standard errors of the mean. d) The prevalence of 
mitochondrial localization to the mother tip was quantified in WT, num1Δ, mfb1Δ and 
num1Δ mfb1Δ cells expressing Cit1p-mCherry (n > 80). e) Relative Num1p-puncta 
distribution in WT and mfb1Δ cells expressing Num1p-GFP in 3 areas of the dividing 
mother cell (see Fig.1b) and the bud. f) Total number of Num1p-GFP puncta per cell. 
g) Proportion of WT and mfb1Δ cells displaying Cit1p-mCherry at the mother tip in 
which in which colocalized Num1p-GFP puncta were also observed (n > 80).  d-g. Data 
is representative of three independent experiments. Error bars indicate standard errors 
of the mean. h) Growth of WT, num1Δ, mfb1Δ and num1Δ mfb1Δ cells in YPD medium 
at 30°C. Maximum growth rates were calculated for intervals of 2h. Statistical 
significance was determined using Fisher’s exact test (d,g) or Student’s t-test. * p < 









Supplementary Figure 3: Mitochondrial tethering occurs independent of cER a) 
Mitochondria accumulate at the mother tip despite loss of of cortical ER. 
Representative 3D renderings of WT and TetherΔ (Ist2Δ, Tcb1/2/3Δ, Scs2Δ and 
Scs22Δ) cells expressing Cit1p-mCherry (mitochondria) and Pho88p-CFP and 
Pho88p-YFP (ER) respectively. b) Cortical ER is present at mother cell retention 
sites in mfb1∆ and num1∆ cells even when mitochondria fail to accumulate there. 
Representative 3D renderings of WT, num1Δ, mfb1Δ and num1Δ mfb1Δ cells 
expressing Cit1p-mCherry (mitochondria) and Pho88p-GFP (ER). a-b. Cell outlines 














Supplementary Figure 4: The DiOC6/Tom70p-mCherry ratio allows assessment 
of mitochondrial membrane potential a) Mid-log-phase cells expressing Tom70p-
mCherry were labeled with DiOC6 as described in Experimental Procedures. To 
determine the sensitivity of the DiOC6/Tom70p-mCherry ratio to mitochondrial 
membrane potential, cells were treated with 10 µM FCCP or vehicle (DMSO). Panels 
show representative images and quantitation of the whole-cell mitochondrial 
DiOC6/Tom70p-mCherry ratio (n > 40); warmer colors and higher numbers indicate 
higher mitochondrial membrane potential. Statistical significance was determined 
using the Wilcoxon Rank-Sum test. * p < 0.05, ** p < 0.01, *** p < 0.005. Cell Outlines 








Supplementary Figure 5: Mfb1p localization is not sensitive to oxidative stress 
or loss of mitochondrial membrane potential. a-g Cells expressing Tom70p-
mCherry and Mfb1-Citrine were grown to mid-log phase, treated with vehicle or drug, 
and visualized by fluorescence microscopy. a) Representative 3D renderings of 
mitochondria and Mfb1p-Citrine after treatment with FCCP or acute or chronic 
paraquat (PQ). Cell outlines are shown in white. Scale bars = 1 µm.  b) Cit1p-mCherry 
intensity at the mother tip, expressed as a proportion of the total intensity in the mother 
cell. c) Cit1p-mCherry intensity in mother and daughter, expressed as a proportion of 
the total intensity in the entire cell (mother + daughter), after FCCP and PQ treatment. 
Error bars indicate standard errors of the mean (n > 40 for each condition). d-g. 
Relative distribution of Mfb1p-Citrine after FCCP and PQ treatment (n > 40 for each 
condition). Statistical significance was determined using Student’s t-test. * p < 0.05, ** 





Supplementary Table 1: Strains used in this study 
Strains Genotype Source 
















MATa his3∆1 leu2∆0 met15∆0 ura3∆5 CIT1-mCherry-
hphMX4 mfb1Δ::kanMX6 mmr1Δ::LEU2 
This Study 
WPY0013 
MATa his3∆1 leu2∆0 met15∆0 ura3∆5 CIT1-mCherry-
hphMX4 PHO88-GFP(S65T)-KanMX6  
This Study 
WPY0014 
MATa his3∆1 leu2∆0 met15∆0 ura3∆5 CIT1-mCherry-
hphMX4 PHO88-GFP(S65T)-KanMX6 mfb1Δ::LEU2 
This Study 
WPY0023 
MATa his3∆1 leu2∆0 met15∆0 ura3∆5 CIT1-mCherry-
hphMX4 PHO88-GFP(S65T)-KanMX6 num1Δ::LEU2 
This Study 
WPY0024 
MATa his3∆1 leu2∆0 met15∆0 ura3∆5 CIT1-mCherry-
























MATa his3∆1 leu2∆0 met15∆0 ura3∆10 CIT1-mCherry-
hphMX4 MFB1-GFP-KanMX6 num1Δ::LEU3 
This Study 
WPY0105 




MATa his3∆1 leu2∆0 met15∆0 ura3∆10 CIT1-mCherry-


















MATa his3∆1 leu2∆0 met15∆0 ura3∆17 TOM70-
mCherry-hphMX4 mfb1Δ::KanMX6 mmr1Δ::LEU2 
This Study 
SEY6210.1 





SEY6210.1 SEC61-GFP::TRP1 ist2Δ::HISMX6 
scs2Δ::TRP1 scs22Δ::HISMX6 tcb1Δ::KANMX6 
tcb2Δ::KANMX6 tcb3Δ::HISMX6 
Manford et al., 
2012 
WPY0031 
MATa leu2‐3,112 ura3‐52 his3‐Δ 200 trp1‐Δ901 lys2‐801 
suc2‐Δ9 CIT1-mCherry-hphMX4 PHO88-CFP-LEU2 
This Study 
WPY0032 
SEY6210.1 SEC61-GFP::TRP1 ist2Δ::HISMX6 
scs2Δ::TRP1 scs22Δ::HISMX6 tcb1Δ::KANMX6 





























































































































Maternal retention of mitochondria by Mfb1p depends on cellular polarity and the 
actin cytoskeleton in S. cerevisiae 
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Our previous studies revealed that the mitochondrial F-box protein, Mfb1p, 
mediates retention of a high-functioning mitochondrial population in the mother cell of 
budding yeast and that this retention event is critical for mother cell fitness and lifespan. 
We also found that Mfb1p-function in mitochondrial quality control during inheritance 
should depend on its asymmetric distribution within the yeast cell, and localization to 
the poles of the budding cell in a cell cycle regulated manner. We here find that deletion 
of core members of the polarity machinery causes a dramatic loss in asymmetric Mfb1p-
localization. As predicted, this results in severe lifespan defects, akin to deletion of 
Mfb1p. We find that deletion of the N-terminal F-box-domain of Mfb1p partially explains 
lifespan defects observed in polarity mutants. Consistent with this, we find that Mfb1p-
localization is exquisitely sensitive to perturbations of the actin cytoskeleton. Finally, we 
explore preliminary indications that polarization of the actin cytoskeleton and Mfb1p 
decline with age and observe a correlation between age-linked declines in Mfb1p 












Cellular polarity is a ubiquitous feature shared between most differentiated 
metazoan tissues, unicellular organisms such as S. cerevisiae and many prokaryotes. 
Despite the diversity in which cellular polarity manifests in different organisms and cell 
types, the fundamental process of polarization occurs through the coordinated 
interaction of three central components: (1) the local formation of a cortical polarity site 
through cell-intrinsic mechanisms or guided by extrinsic cues;143 (2) the orientation of 
cytoskeletal elements (including microtubules and actin filaments in particular) towards 
this site;144 and (3) recruitment of motor-proteins that enable the establishment, 
maintenance and regulation of a polarity axis through directed transport of cargo 
including effector proteins, vesicles and organelles along polarized cytoskeletal tracks 
(see Chapter I).16,17 In effect, the definition of a central vectorial axis breaks cellular 
symmetry and provides the fundamental platform upon which to coordinate the 
assembly of complex cellular architectures for the formation of polarized tissues or 
dynamic behaviors such as chemotaxis.143 
The segregation of different cellular constituents between two poles is of 
particular consequence during asymmetric cell division. In asymmetric divisions, stem 
cells self-renew, but also give rise to a sibling cell that undergoes differentiation towards 
a somatic cell fate.7 Similarly, during asymmetric cell division in S. cerevisiae, mother 
cells age towards a finite replicative lifespan but give rise to daughter cells that - largely 
independent of maternal age - are born young.6,134 Both processes require the 
differential sorting of cellular fate determinants through the polarity machinery. In S. 
cerevisiae, directed transport of age determinants occurs along the polarized tracks of 
87 
 
actin cables, linear bundles of actin filaments that extend from bud into the mother cell24. 
In particular, dynamic transport along actin cables facilitates higher-functioning 
mitochondria to preferentially accumulate in the bud and may participate in the retention 
of protein aggregates within the mother cell (see Chapter I).6 10,11,97,134 
Interestingly, daughter cells in S. cerevisiae inherit their fundamental axis of 
polarity from their mothers. Specifically, bud-site selection in haploid cells occurs 
adjacent to previous bud-sites. In consequence, haploid cells not only inherit their 
polarity from mothers, but also maintain their polarization between cell divisions 
resulting in a unipolar or axial budding-pattern (see Chapter I, Fig. 1)17. However, while 
well documented to occur, little is known as to the benefits of maintaining polarity or 
bud site selection. Indeed, bud site selection mutants exhibit growth rates that are 
indistinguishable from that of wild-type cells.145  
Studies into novel regulators of mitochondrial inheritance during asymmetric cell 
division in our lab suggest that maintenance of uniform polarization through bud site 
selection may be critical for daughter cell rejuvenation (see Chapter II).  In particular, 
we identified Mfb1p as a novel mitochondrial retention factor, that localizes to the 
mother cell tip where it mediates docking and retention of a high-functioning 
mitochondrial population, which in turn is required for mother cell fitness and lifespan.146 
Interestingly, we found no evidence for an inherent selectivity of Mfb1p to associate with 
high-functioning organelles. Instead, we found that Mfb1p localizes to the bud tip late in 
the cell cycle binds to and mediates docking of the high-functioning mitochondria that 
are preferentially inherited by buds in the bud tip. Moreover, due to the axial budding 
pattern, the bud-tip becomes – and remains – the mother cell tip after the daughter cell 
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has separated from its mother cell. This allows Mfb1p to passively associate with high-
functioning mitochondria during late stages of bud-development and retain those 
organelles in the mother cell tip after cytokinesis, which in turn sustains maternal fitness 
and RLS.  
Together, these observations suggest an intricate relationship between Mfb1p 
and the cellular polarity machinery. While previous studies showed asymmetric Mfb1p-
localization to depend on its N-terminal F-box motive, the mechanistic details of this 
process and the identity of factors involved remain unclear.119,120 In fact, while the 
molecular nature of the incipient bud-site and bud tip as polarity landmarks has been 
extensively explored, Mfb1p is only one of two proteins (see Bud8p) described to 
consistently localize to the opposite pole, i.e. the mother cell tip 17. Second, our findings 
predict that Mfb1p-function in mitochondrial quality control and asymmetric inheritance 
should be sensitive to disruptions in the axial budding pattern itself. As such, 
maintenance of a uniform polarization may be critical to sustain lifespan in S. cerevisiae. 
We here investigate the relationship between Mfb1p-depndent mitochondrial 
retention, maintenance of cellular polarity and cellular lifespan control, by focusing on 
core members of the yeast polarity machinery. In particular, the Rho-family GTPase 
Bud1p acts to translate local polarity factors associated with previous bud- or birth-scars 
(such as Bud3p or Bud9p) or the opposite pole (Bud8p) into selection of the next bud-
site adjacent to them by recruitment of Cdc42 and its GEF to that site. In haploid cells, 
expression of Axlp1 adds to the effect of Bud3p and Bud9p. In effect, Axlp1 imposes an 
axial (unipolar) budding pattern. Deletion of AXL1 or BUD1 respectively results in bi-
polar budding and randomizes bud-site selection 17. We find, that maintenance of axial 
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budding symmetry is critical for polarized Mfb1p-distribution to mitochondria at the 
mother tip, for normal mitochondrial quality and for replicative lifespan. 
 
3.2. Results 
3.2.1. Loss of axial budding in haploid S. cerevisiae disrupts Mfb1p-
polarization similar to deletion of the N-terminal F-box of MFb1p 
As mentioned previously, recent studies indicate a high prevalence of secondary 
mutations in strains of the yeast knockout collection.123 Therefore, we constructed 
haploid year bearing a deletion in AXL1 or BUD1 de novo. Using calcofluor to stain bud 
scars, we studied bud site selection as a function of replicative age. Wild-type haploid 
cells undergo axial budding. As a result, all bud scars cluster at one pole of the mother 
cell. Deletion of AXL1 or BUD1 in haploid yeast results in loss of axial bud site selection. 
axl1∆ cells undergo bi-polar budding: all buds scars are detectable on both tips of the 
mother cell (Fig. 17a,c). Conversely, deletion of BUD1 in random bud site selection: 
bud scars are evident throughout the surface of the mother cell (Fig. 17a,c).22 In both 
cases, axial bud site selection is lost in over 50% of cells that contain 3 bud scars and 
are therefore 3 generations old. In bud1∆ cells, axial bud site selection is lost in 100% 
of the cells analyzed beyond generation 3 (Fig. 17c).  
To assess Mfb1p-distribution in polarity mutants, we quantified Mfb1p-GFP 
signal as a function of localization within the yeast cell in axl1Δ and bud1Δ mutants (see 
Chapter II). First, deletion of either BUD1 or AXL1 has no obvious effect on the steady 
state levels of Mfb1p (Fig. 17f). Moreover, the Citrine tag has no obvious effect on Mfb1p 
localization or function. Strikingly, loss of unipolar budding fully disrupted asymmetric 
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Mfb1p-localization. In wild-type cells, 90% of Citrine-tagged Mfb1p localizes to 
mitochondria in the mother cell tip. Mfb1p-Citrine does localize to mitochondria in axl1∆ 
and bud1∆ cells. However, Mfb1p-Citrine localizes to mitochondria throughout the cell 
in AXL1 and BUD1 mutants (Fig, 17d – e). Moreover, the proportion of Mfb1p localizing 
to the mitochondria in the bud was significantly increased over WT in both cases (Fig. 
17d,e).  
Interestingly, previous studies indicated the N-terminal F-box domain to be 
essential for correct Mfb1p-localization.119,120 However, both mechanistic details and 
functional consequences of F-box deletion remain undefined. To begin to explore this 
observation in more detail, we compared Mfb1pfboxΔ-Citrine distribution to that of full-
length Mfb1p-Citrine in axl1Δ and bud1Δ mutants. Similar to deletion of AXL1 and 
BUD1, F-box deletion (Fig. 17b) within the genomic MFB1-locus does not affect binding 
of the protein to mitochondria.  However, it does result in gross disruption of Mfb1p-
polarization within the mother cell and substantially increased localization to 
mitochondria within the bud (Fig. 17a,d,e). Overall, we find that mfb1pfboxΔ, axl1Δ and 
bud1Δ cells cause a similar defects in Mfb1p-polarization and asymmetric distribution. 
Subtle differences exist, particularly in a more pronounced localization of Mfb1pfboxΔ-
Citrine to the bud (Fig. 17d,e).  
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Importantly, the apparent loss of Mfb1p-polarization is not due to increased 
expression levels of Mfb1p in axl1Δ, bud1Δ or mfb1pfboxΔ cells compared to WT (Fig. 
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17f). Moreover, F-box deletion does not disrupt cellular budding patterns (Fig. 17c). 
Noticeably however, the frequency of cells with multipolar distribution of bud-scars in 
mfb1Δ cells is significantly increased over WT by generation 4 (Fig. 17c). 
 
3.2.2. Loss of Mfb1p-polarization affects mitochondria distribution 
Next we tested, whether disruption of Mfb1p-polarization by deletion of AXL1, 
BUD1 or the F-box of Mfb1p impairs Mfb1p’s function in retaining mitochondria at the 
maternal tip. To address this question, we studied mitochondria distribution as a 
function of position within budding yeast cells expressing Cit1p-mCherry, a fusion 
protein that localizes to the mitochondrial matrix. As we previously described, deletion 
of MFB1 results in effective depletion of mitochondria from the mother tip, with some 
residual mitochondrial anchorage through the cortical protein Num1p occurs in a 
minority of cells (see Chapter I and II). Additionally, deletion of MFB1 results in the 
Figure 17: Loss of axial budding and F-box deletion causes Mfb1p-
mislocalization WT cells and respective mutants expressing Cit1-mCherry and 
Mfb1p-GFP from genomic loci in mid-log phase were analyzed for Mfb1p-
localization. a,c) Bud-scars were visualized by Calcofluor-white staining and their 
distribution analyzed in 3D reconstructions. Cells with bud-scar distributions other 
than within a single cluster adjacent to the current bud were classified as multipolar 
and their relative frequency with cellular age was quantified in c) (n>100) Cell 
outlines are shown in white. b) Schematic of the N-terminal Mfb1pfboxΔ-GFP construct 
expressed from the genomic locus compared to full length Mfb1p. d-e) The Mfb1p-
GFP distribution was quantified as a function of position within the mother cell 
relative to total maternal Mfb1p-Citrine signal and between mother and bud (n>40 for 
WT, MFB1fboxΔ and unipolar, n>30 for multipolar categories) f) Western-blot of whole-
cell lysates obtained from the respective mutants in mid-log phase, against GFP. In-
gel 2,2,2-Trichloroethanol (TCE) staining was used as loading control. Error bars 
represent standard errors of the mean; statistical significance was determined by c) 




disproportionate inheritance of mitochondria to the bud compared to WT (Fig. 18a,b). 
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Consistent with a role of Mfb1p-polarization in sustaining efficient mitochondrial 
retention at the mother cell tip, we find that mitochondrial accumulation at the mother 
tip is reduced in axl1Δ (Fig. 18a) and bud1Δ (Fig. 18b) cells. Importantly, we find a 
similar decrease in mother-tip specific accumulation in mfb1pfboxΔ cells (Fig. 18a,b). 
Nevertheless, the effects remain subtle compared to mfb1Δ cells and we find no 
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evidence for a disproportionate shift of mitochondrial mass between mother and bud 
(Fig. 18a,b). Together, these findings suggest that Mfb1p-polarization contributes to the 
efficient retention of mitochondria at the mother tip. However, loss of Mfb1p-polarization 
does not categorically abolish its retention function, presumably because some Mfb1p 
localizes to the mother cell tip, where it functions in mother tip retention of the organelle.    
 
3.2.3. Deletion of BUD1 causes lifespan defects similar to MFB1-deletion 
Since Mfb1p is required for retention of higher functioning mitochondria in mother 
cells and lifespan control, we tested whether a mutation that affects the asymmetric 
localization of Mfb1p, namely deletion of BUD1, also has effects on lifespan. Indeed, 
we find that the deletion of BUD1 results in a decrease in RLS (Fig. 19a) and an 
increase in mean generation time  (Fig. 19b) that are similar to those observed upon 
deletion of MFB1.   
The lifespan defects in bud1Δ cells are similar to mfb1Δ cells; yet, they are not 
identical (Fig. 19a). One possible explanation may be found, if even upon loss of its 
polarized localization Mfb1p could still contribute towards cellular RLS. Indeed, this may 
be due to the largely sustained mitochondrial distribution in bud1Δ cells. 
Figure 18: Loss of Mfb1p-polarization causes defects in mitochondrial 
retention at the mother tip. a-b) The relative mitochondrial distribution in cells 
expressing genomic Cit1p-mCherry in mid-log phase was analyzed as a function of 
position within the mother cell and between mother and bud comparing WT, 
MFB1fboxΔ and mfb1Δ cells to a) axl1Δ cells and b) bud1Δ cells. axl1Δ and bud1Δ 
cells were stained with calcofluor-white to visualized bud-scars and multipolar cells 
were identified as cells with bud-scar distributions other than within a single cluster 
adjacent to the current bud (n>40 for WT, MFB1fboxΔ,  mfb1Δ and unipolar, n>30 for 
multipolar categories) Error bars represent standard errors of the mean; statistical 








Moreover, to determine whether Bud1p and Mfb1p affect lifespan, healthspan 
and mitochondrial distribution by similar pathways, we studied each of these processes 
in bud1∆ mfb1∆ mutant. Here, we find that the phenotype of the double mutant is similar 
to that of the mfb1∆ single mutant (Fig. 19c). However, differences persist, in particular 
within the mother-center and mother-neck (Fig. 19c). Moreover, we find that deletion of 
MFB1 in bud1Δ cells does not further decrease RLS relative to bud1Δ cells and remains 
statistically distinct from mfb1Δ cells (Fig. 19a,b). These observations suggest that 
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factors other than residual Mfb1p-function in bud1Δ cells explain differences in lifespan 
between the two mutants.  
 
3.2.4. Deletion of the N-terminal F-box domain from Mfb1p impairs 
mitochondrial fitness and replicative lifespan  
 Interestingly, lifespan defects in bud1Δ have been previously documented; in 
particular, Bud1p has been shown to play an important role for the integrity of the ER-
diffusion barrier established at the mother-bud neck.14 Critically, these results illustrate 
that RLS-defects upon deletion of Bud1p may have various origins and that any 
similarities to lifespan defects in mfb1Δ cells may be coincidental. As a potential 
indication of causal role of the disruption of polarized Mfb1p-distribution in bud1Δ or 
axl1Δ mutants, we next assessed potential defects on mitochondrial quality. 
Furthermore, to directly test functional consequences of Mfb1p-depolarization in 
isolation from confounding effects due to the general disruption of the cellular polarity 
machinery, we studied mitochondrial quality and cellular lifespan in mfb1pfboxΔ cells.  
Figure 19: BUD1-deletion causes similar but not identical RLS-defects to 
MFB1-deletion.  a) Kaplan-Meier survival plot of replicative lifespan (RLS) of bud1Δ 
and bud1Δ mfb1Δ cells compared to WT and mfb1Δ cells. Cells were grown to mid-
log phase, arranged via micro-manipulation and RLS of newborn cells was 
determined from their first division as described in Experimental Procedures (n > 40 
for each strain in 2 independent experiments). b) Mean generation time was 
calculated as the number of minutes between cell divisions during the RLS 
experiments for cells of different replicative ages. c) The relative mitochondrial 
distribution in bud1Δ mfb1Δ cells was assessed as mitochondrial Cit1p-mCherry 
signal as a function of position within the mother cell and between mother and bud 
(n>40). Error bars represent standard errors of the mean. For panel a) statistical 
significance was determined using the log-rank test: WT vs bud1Δ, mfb1Δ and 
bud1Δ mfb1Δ p < 10-11; bud1Δ vs mfb1Δ p<10-3, mfb1Δ vs bud1Δ mfb1Δ p=0.003, 
bud1Δ vs bud1Δ mfb1Δ p=0.245. For other panels, statistical significance was 







We and others have previously established the redox-sensitive GFP-variant 
roGFP1 as functional readout of intra-mitochondrial ROS levels and mitochondrial 
quality (see Chapter II). 6,11,77,146 Targeted to the mitochondrial matrix, roGFP1 exhibits 
alternative excitation maxima depending on oxidation (365nm) or reduction (470nm) of 
a pair of cysteine residues introduced into its beta-barrel structure.76 Assessment of the 
mitochondrial reduce/oxidized roGFP-ratio revealed substantial mitochondrial quality 
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defects upon deletion of AXL1 or BUD1 (Fig. 20a). Moreover, F-box deletion alone also 
caused significant mitochondrial quality defects relative to WT, albeit modest compared 
to bud1Δ, axl1Δ or mfb1Δ mutants (Fig. 20a). 
Similarly, mfb1pfboxΔ cells exhibit a distinct cellular RLS defect; in particular up to 
50% of the cellular population experience mild lifespan defects upon F-box deletion 
when compared to WT (Fig. 20b). With defects in both mitochondrial quality and cellular 
lifespan, strongly suggest that loss of Mfb1p-polarization diminishes Mfb1p-dependent 
mitochondrial quality control. While we cannot categorically exclude that F-box deletion 
could in turn affect axial polarity maintenance we have found no indication for this (Fig. 
20c). Conversely, it is likely that Mfb1p-depolarization contributes to the cell-
physiological defects observed in axl1Δ and bud1Δ mutants. Moreover, we document 
significant Mfb1p-independent cell-physiological defects in axl1Δ and bud1Δ mutants, 
highlighting a critical role of axial polarity maintenance for cellular RLS beyond Mfb1p.  
 
Figure 20: Mfb1p-depolarization impairs mitochondrial quality and cellular RLS 
a) Cells expressing mito-roGFP1 were grown to mid-log phase and visualized by 
fluorescence microscopy as described in Experimental Procedures. Representative 
images and quantification of reduced/oxidized mito-roGFP1 ratios in WT cells and 
respective mutants, normalized to the whole-cell ratio are shown. Higher numbers 
and warmer colors indicate more reducing mitochondria. Cell outlines are shown in 
white. The central band in the box of the notched box plot represents the median, 
boxes indicate the middle quartiles, and whiskers extend to the 5th and 95th 
percentiles (n>40). b) Kaplan-Meier survival plot for RLS in WT and Mfb1fboxΔ cells 
compared to bud1Δ and mfb1Δ cells. RLS was determined for virgin mother cells as 
described in the experimental procedures (n=40; for Mfb1fboxΔ n=20). Statistical 
significance was determined using the log-rank test: WT vs bud1Δ and mfb1Δ < 10-
11; WT vs Mfb1fboxΔ p=0.77; Mfb1fboxΔ vs bud1Δ and mfb1Δ p<0.005. c) Mean 
generation time was calculated as the number of minutes between cell divisions 
during the RLS experiments for cells of different replicative ages (n=40). For a) 
statistical significance was determined by Student’s T-test. * p < 0.05, ** p < 0.01, *** 





3.2.5. Mfb1p polarization is sensitive to perturbation of the actin 
cytoskeleton 
The disruption of Mfb1p-polarization in axl1Δ and bud1Δ mutants documents a 
direct relationship between the cellular polarity machinery and Mfb1p-function. A role 
for actin cables, bundles of actin that align along the mother-bud axis, in cellular polarity 
in budding yeast is well established. In addition, Arp2/3 complex nucleates branched F-
actin filaments that may contribute to cellular polarity maintenance through effects on 
endocytosis and membrane recycling in the bud and bud tip. 16,147 We thus asked 
whether Mfb1p-polarization may depend on the F-actin cytoskeleton. 
To study Mfb1p-localization  in response to perturbations in F-actin dynamics we 
treated cells expressing Mfb1p-Citrine with Latrunculin A (LatA), which impairs F-actin 
polymerization through sequestration of monomeric G-actin.148 To assess efficiency of 
LatA, we first assessed actin-cable integrity in cells expressing the actin binding protein 
Abp140 tagged with GFP. As expected, treatment with 5 µM LatA for 5 min and 90 min 
results in loss of all detectable actin cables (Fig. 21a). In contrast treatment with 0.5 µM 
LatA for 90 min did not cause detectable effects on actin cables in our assay (Fig. 21a). 
Consistent with a role of F-actin in Mfb1p-polarization we found that LatA treatments 
fully disrupted asymmetric Mfb1p-localization compared to vehicle treatment. Instead, 
Mfb1p was found evenly distributed among maternal mitochondria and increasingly 
localized to mitochondria in the bud (Fig. 21a,b). These results were particularly striking 
given the remarkable resilience of Mfb1p-distribution to pharmacological disruption of 
mitochondrial quality we had previously performed (see Chapter II).146 Even more 
surprisingly, we found Mfb1p-polarization to be fully disrupted under LatA treatment 
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conditions which had no obvious effect on actin cables. Finally, we find that disruption 
of F-actin by LatA treatment also impairs mitochondrial retention at the mother tip. 
Specifically, treatment with 5 µM LatA for 5 min causes a significant redistribution of 
mitochondrial mass from the mother tip towards center and neck (Fig. 21a,c).  
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These results clearly document the role of F-actin in the polarized distribution of 
Mfb1p to mitochondria at the mother cell tip. They further suggest that deletion of axl1Δ 
and bud1Δ directly impair the F-actin structures responsible for Mfb1p-localization. 
Given the exquisite sensitivity of Mfb1p to LatA, subtle defects in F-actin dynamics likely 
suffice to disrupt Mfb1p-localization and potentially other undocumented F-actin 
functions.  
 
3.2.6. Mfb1p-polarization is increasingly lost with age and may accurately 
predict remaining RLS 
The role of the actin-cytoskeleton in aging is an emerging field of significant 
interest. Recent studies in Caenorhabditis elegans have documented an age 
dependent loss of actin-filament stability. They also revealed that overexpression of the 
calcium binding protein PAT-10 stabilized actin filaments and increased stress 
resistance and longevity.149 Preliminary results in our lab indicate that actin cable 
number and integrity decline with age in S. cerevisiae (data not shown). We thus 
Figure 21: Mfb1p-localization depends critically the actin cytoskeleton. a-c) 
Cells expressing either Abp140p-GFP or Tom70p-mCherry and Mfb1p-Citrine were 
grown to exponential phase and exposed to corresponding treatment regimes with 
LatA. For mock treatments, an equivalent volume of vehicle (ethanol) was added to 
cells. a) Representative images of actin cable morphology and mitochondrial and 
Mfb1p-Citrine distribution following the indicated treatment regimes. Cell outlines are 
shown in white. b) Notched box-plot of Mfb1p-Citrine distribution upon 5µM LatA and 
mock treatment for 5 minutes as a function of position within the mother cell 
compared to the bud relative to whole-cell Mfb1p-Citrine signal. Red data-points 
indicate data outside the 5th and 95th percentiles. (n>40) c) Quantification of the 
relative mitochondrial Cit1p-mCherry distribution following 5µM LatA or mock 
treatment for 5min as a function of position within the cell. (n>40) Statistical 







speculated that potential age-dependent defects in F-actin dynamics may cause Mfb1p-
depolarization in aging cells.  
Due to exponential dilution by new-born cells, old mother cells are prohibitively 
rare in growing cultures of S. cerevisiae. We adapted a protocol for enrichment of old 
yeast cells under conditions that reduce cellular stresses (see Appendix). In particular, 
we biotinylated the cell wall of yeast, allowed them to age in normal growth medium and 
then isolated the biotinylated old cells using magnetic beads in normal growth medium 
at room-temperature, using gentle elution from the magnetic column 150. We find that 
these modifications allow the efficient enrichment of aged cells (Supplementary Fig. 6) 
but do not disrupt actin cable formation as assessed by Alexa488-phalloidin staining, in 
contrast to previous protocols (Fig. 22a) (see Appendix).  
To study Mfb1p-polarization in aged cells, we quantified the Mfb1p-Citrine 
distribution in aged cells and we determined cellular replicative age by assessing bud-
scars in 3D-reconstructions. Young cells that are also present in the age-enriched 
fraction (Supplementary Fig. 6) serve as an internal control for potential perturbations 
of F-actin dynamics that may be undetectable by conventional F-actin visualization 
methods. We indeed find that young cells retained normal Mfb1p-polarization post-
enrichment; despite this we also find cases of Mfb1p-depolarization in cells as young 
as generation 3 (Fig. 22b,c). Similarly, we find both polarized and depolarized Mfb1p-
distributions in cells as old as generation 21 (Fig. 22b,c). Finally, non-linear regression 
on the distribution documents a modest, yet significant trend towards Mfb1p-
depolarization with age (Fig. 22c). We note however, that due to the age-distribution 
within this dataset, containing two clusters with an average generation of 1 and 18 
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respectively, we have little data regarding cells aged 8-13 and thus caution as to the 
preliminary nature of our analysis (Fig. 22c, Supplementary Fig. 6).  
 Similar to other organisms, cellular (replicative) lifespan in S. cerevisiae is not 
uniform between individual cells; instead WT cells exhibit considerable heterogeneity in 
RLS, with lifespans ranging from 10 to 51 generations (Fig. 20d). Nonetheless, if the 
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decay of Mfb1p-polarization contributes to the end of replicative lifespan within a 
defined number of generations, then the distribution of Mfb1p-polarization decay over 
age should be very similar to that of cell viability or RLS. To explore this question we 
define a polarization threshold by constrained linear regression (slope=0) that 
categorizes cells with less than 70% of Mfb1p-Citrine signal in the mother tip as 
depolarized. To evaluate this threshold, we noted that a) generation 1 and 2 cells, which 
represent >75% of the cellular population in exponential cell cultures, are classified as 
polarized, and b) our previous results quantifying Mfb1p-polarization for all cells in 
exponential cultures shows that ~80% of cells would be classified as polarized using 
this threshold (see Fig. 21b). Strikingly, defined by this threshold, we find that the rate 
Figure 22: The frequency of Mfb1p-depolarization increases with age and 
predicts cell death. a-d) Cell walls of exponential culture of untagged WT cells and 
of WT cells expressing genomic Cit1p-mCherry and Mfb1p-Citrine were biotinylated 
and grown over two 9 hour intervals followed by magnetic enrichment of old mother 
cells as described in experimental procedures. The age-enriched fraction (retained) 
was subsequently stained with WGA-Alexa647 to visualize bud-scars. a) 
Representative images the actin cytoskeleton in WT cells in the flow-through and 
retained fraction after magnetic sorting performed in ice-cold PBS or in YPD at room 
temperature (see experimental procedures). Following elution from the magnetic 
column, cells were immideatly fixed and stained with Alexa488-phalloidin. b) 
Representative images of young and old cells within the retained fraction showing 
normal and depolarized Mfb1p-Citrine distribution. a,b) Cell outlines are shown in 
white. c) Scatter plot of the percentage of whole cell Mfb1p-Citrine signal at the 
mother tip as a function of cellular age as determined by the number of bud-scars in 
3D-reconstructions. The general model y=a*ln(x)+b was fit by unconstrained non-
linear regression (grey dotted line; R2=0.202, RSS=3.22) revealing a signifcant 
negative trend with age. We fit the alternative hypothesis “that there is no trend” by 
the constraint a=0. This model explains the data significantly worse as determined by 
anova (p<10-11). We further employed this model to define a polarization threshold 
(magenta dotted line) to categorize cells as “polarized” (with Mfb1p-Citrine signal at 
the mother-tip of >70%) and “depolarized”. d) Kaplan-Meier survival plot for RLS of 
WT cells (black, n>60) and Mfb1p-polarization decay (magenta, n=28) with age that 
was derived by defining cells with less than 70% Mfb1p-Citrine signal in the mother 
tip as “depolarized” (see polarization threshold in c)). Arrows highlight a shift by 7 
generations that aligns the decay of Mfb1p-polarization (dashed magenta) with that 






of Mfb1p-polarization decay per age is highly similar to that of viability decay in WT (Fig. 
22d). In particular, we note that Mfb1p-depolarization occurs in cells as early as 
generation 3, while cell viability only begins to decay after 10 generations. We find that 
a 7 generation delay between Mfb1p-depolarization and cell death results in remarkable 
alignment of the two distributions (Fig. 22d, Supplementary Fig. 7). 
We emphasize, that our analysis is correlative and rests on the ab initio 
prediction the depolarization threshold that must be subjected to experimental 
validation. Moreover, this correlation by itself provides no evidence for a causal 
relationship between Mfb1p-depolarization and lifespan decay in WT cells. Given that 
F-box deletion alone impairs mitochondrial quality and causes RLS defects, it is likely 
that Mfb1p-depolarization contributes to age-related mortality in yeast. 
 
3.3. Discussion 
Cellular polarization provides the basis upon which asymmetric cell divisions 
facilitates the diversification of functions in multicellular organisms. We here study 
cellular polarity in the context of daughter cell rejuvenation in S. cerevisiae. In particular, 
our previous results revealed a critical role of Mfb1p in the qualitative maintenance and 
retention of a high-functioning mitochondrial population in mother cells.146 We find that 
the almost exclusive distribution of Mfb1p to mitochondria at the mother tip depends 
critically on the axial, unipolar budding pattern observed in haploid S. cerevisiae cells.17 
Both conversion of uni- to bipolar budding pattern, and randomization of bud-site 
selection through deletion of AXL1 and BUD1, respectively, results in loss of Mfb1p-
polarization. We also find that deletion of the N-terminal F-box motive from Mfb1p 
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results – as previously reported120 119 – to a similar loss of Mfb1p polarization but does 
not affect the cellular budding pattern.   
We first asked, whether the loss of asymmetric Mfb1p-localization may have cell 
physiological effects. We find that in all three mutants, Mfb1p-depolarization causes 
mild mitochondrial retention defects in the mother tip. We considered that even an 
apparently subtle loss in Mfb1p-dependent retention function could be significant given 
the drastic effects impaired mitochondrial retention on lifespan in mfb1Δ cells. 
Alternatively, the loss of Mfb1p-polarization could directly impair its role in mitochondrial 
quality control independent of retention defects. Finally, even if Mfb1p-polarization per 
se is not essential for Mfb1p-function, failure to maintain a unipolar budding pattern 
would necessarily impair the persistence of a defined mother tip. For example, the 
periodic inversion of cell polarity during bipolar budding in axl1Δ mutants would require 
the Mfb1p-dependent retention site to repeatedly re-localize between poles.  
To address these questions, we first assessed replicative lifespan in bud1Δ 
mutants. Consistent with a crucial role of a continuous uniform polarization for cellular 
RLS, both healthspan and lifespan decreased upon deletion of BUD1. However, the 
decrease in RLS and healthspan observed in bud1Δ cells were not as severe as those 
observed in mfb1Δ cells. In contrast to the mild mitochondrial distribution defects in 
bud1Δ-single mutants, deletion of MFB1 in bud1Δ cells caused drastic maternal 
retention defects and a disproportionate inheritance of mitochondria to daughter cells. 
Surprisingly however, this did not further reduce cellular RLS as compared to bud1Δ-
single mutants, arguing any residual Mfb1p-functions are irrelevant to lifespan upon 
BUD1-deletion.   
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These results suggested, that defects in Mfb1p-polarization alone could explain 
the RLS defects in bud1Δ cells. However, several lines of evidence argued against that. 
First, RLS defects in bud1Δ cells had been previously documented; in particular, 
deletion of BUD1 compromises the integrity of the cortical ER (cER)-diffusion barrier 
thought isolate daughter cells from protein-folding stress within the maternal cER.14 
Second, bud1Δ cells are longer-lived than mfb1Δ cells, arguing that these cells are not 
equivalent. To delineate the individual contribution of Mfb1p-depolarization from other 
bud1Δ defects, we assessed mitochondrial quality and cellular longevity in mfb1fboxΔ 
cells. Despite a largely conserved mitochondrial retention function and absent any 
effects on axial budding, we find that F-box deletion leads to clear defects in 
mitochondrial redox-quality and cellular RLS. This argues, that Mfb1p-depolarization 
alone impairs mitochondrial quality control. We further propose that Mfb1p-
depolarization, in consequence of BUD1-deletion, likely contributes to the general RLS 
defects observed in these cells.  
We next asked, how Mfb1p-polarization is established. Given the essential role 
of Bud1p and Axl1p in coordinating cellular polarity through coordination of the actin 
cytoskeleton (see Chapter I), we hypothesized that the asymmetric distribution of Mfb1p 
may depend on actin dynamics. We had previously found Mfb1p-distribution to be 
remarkably resilient even to harsh treatment conditions such as with the oxidizing agent 
paraquat and the ionophore FCCP (see Chapter II). Conversely, we here document an 
exquisite sensitivity of Mfb1p to perturbations of the actin cytoskeleton. In particular, we 
found that even 0.5 µM LatA treatments, which have no observable effect on actin 
cables fully depolarize Mfb1p. Consistent with our observations in bud1Δ, axl1Δ and 
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mfb1fboxΔ cells, Mfb1p-depolarization by LatA also caused subtle mitochondrial retention 
defects in the mother tip. Together, these results establish a critical role of F-actin in the 
asymmetric localization of Mfb1p and argue that F-actin might be directly involved 
Mfb1p-dependent mitochondrial retention. They further suggest, that BUD1 and AXL1-
deletion results in potentially subtle defects in F-actin dynamics that may have escaped 
previous documentation; an aspect that remains to be explored.  
We finally addressed the emerging role of the integrity of the actin-cytoskeleton 
in sustenance of cellular health with age. Previous results suggest decreasing actin-
filament stability as a feature of aging in C. elegans and elegantly demonstrate lifespan 
extension and heightened stress resistance as a consequence of improved integrity of 
the actin cytoskeleton.149 Investigations in our lab also suggest decreasing actin cable 
integrity with age (unpublished results). We here find that the proportion of cells showing 
Mbf1p-depolarization increases in older cells. By taking into account the individual 
heterogeneity in lifespan that exists between cells we find that Mfb1p-polarization 
decays with a similar rate as cellular RLS. In other words, our data suggests that Mfb1p-
depolarization may be an early sign of processes that lead to cell death within defined 
number of generations. While these results require further experimental validation, 
given the sensitivity of Mfb1p to impaired F-actin dynamics, Mfb1p-depolarization in WT 
cells may reflect natural age-related failure of the actin-cytoskeleton.  
In summary we find that the asymmetric localization of Mfb1p to mitochondria at 
the mother-tip supports its role in mitochondrial quality control and lifespan regulation. 
We show that Mfb1p-polarization depends on the actin cytoskeleton. Importantly, we 
find Mfb1p depolarized under conditions in which actin cables are not obviously 
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impaired. It is thus possible that F-actin structures other than actin cables, that thus far 
have escaped observation, may organize Mfb1p-distribution. Indeed, we find that the 
same low LatA concentrations also impair mother-tip specific mitochondrial retention. 
The molecular composition of the mother-tip remains essentially uncharacterized and 
may harbor thus far undocumented actin structures that could participate in 
mitochondrial anchorage. An important question in this context is the role of Bud8p, as 
the only other protein described to consistently localize to the mother tip, in regulating 
Mfb1p-polarization. Further, depolarization of Mfb1p in mutants with impaired axial 
budding and with increasing frequency in WT cell, as they approach the end of their 
lifespan, suggests to date undocumented defects in the actin cytoskeleton in both 
scenarios. In this context, an interesting possibility is that failure to maintain an axial 
budding pattern may naturally occur with age in WT cells; specifically, old WT cells often 
lose the unipolar clustering of bud-scars that is characteristic in young cells (our 
unpublished observations). Finally, our current evidence indicates that Mfb1p-
depolarization may contribute to replicative senescence and mortality in aging mother 
cells. Interestingly, depolarization of Mfb1p and a concurrent release of high-functioning 
mitochondria from the mother cell could even be adaptive, if it ensures efficient daughter 
cell rejuvenation during the last rounds of cell divisions within a mothers RLS. The 








3.4. Experimental procedures 
3.4.1. Yeast growth conditions 
All S. cerevisiae strains used in this study were derived from wild type BY4741 
(MATa his3Δ0, leu2Δ0, met15Δ0, ura3Δ0) from Open Biosystems (Huntsville, AL), 
Yeast cells were propagated and manipulated as previously described138. With the 
exception of experiments for the determination of replicative lifespan (RLS), all cells 
were grown at 30°C with shaking in synthetic complete (SC) medium unless otherwise 
stated. For imaging experiments, all strains were grown overnight in liquid culture and 
diluted 4 hrs prior to image acquisition so that cultures were growing in logarithmic 
phase at the time of data acquisition. 
 
3.4.2. Yeast strain construction 
All knockout strains (Supplementary Table 1) were created by replacing the 
target genes with knockout cassettes containing the selectable markers LEU2, URA3 
or KanMX6 through homologous recombination according to previously described 
protocols139-140. Briefly, PCR fragments containing an appropriate selectable marker 
flanked by 40bp of homology to regions immediately upstream and downstream of the 
target gene open reading frame were amplified using from plasmids pFA6a-kanMX6, 
pOM12 or pOM13 (Addgene). Transformations were carried out using the lithium 
acetate method139. Transformants were selected on SC dropout plates for auxotrophic 
markers or rich glucose-based medium yeast extract peptone dextrose (YPD) medium 
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plates containing 200 µg/ml Geneticin (Sigma-Aldrich, St. Louis MO) to select KanMX6-
positive cells. Positive transformants were confirmed by PCR.  
To construct strains expressing fluorescently tagged fusion proteins such as 
Cit1p-mCherry, we followed the method outlined above; however, PCR fragments were 
amplified from plasmids pFA6a-GFP(S65T)-kanMX, pCY3090-02, pCY3080-07 
(Addgene), pWP63 or pWP64 (available on request) to contain the coding regions for 
GFP(S65T), mCherry, Citrine, YFP and CFP, followed by kanMX6, hphMX4, Sh ble 
(bleomycin) or LEU2 respectively. The homology of the flanking regions was designed 
to insert the cassette in frame with the target ORF’s 3’end. Selection was carried out on 
YPD plates using 200 µg/ml Geneticin (for KanMX6) (Sigma-Aldrich, St. Louis MO) or 
300 µg/ml Hygromycin B (for hphMX4) (Life Technologies, Carlsbad CA).  
To truncate the N-terminal F-box from Mfb1p in the genomic locus we followed 
the strategy outlined above to replace the MFB1-ORF encoding amino acids 1-70 with 
a pOM13 derived cassette carrying a LEU2 marker flanked by LoxP sites. Following 
successful selection and PCR verification we next transformed the resulting strain with 
pSH62 and induced expression of Cre-recombinase with galactose for 4 hrs. We 
confirmed excision and restoration of a functional Mfb1p-ORF by sequencing. 
 
3.4.3. Microscopy 
Fluorescence microscopy was carried out on one of the following systems: (1) 
an inverted AxioObserver.Z1 microscope with a 100x/1.3 oil EC Plan-Neofluar objective 
(Zeiss, Thornwood, NY), an Orca ER cooled charge-coupled device (CCD) camera 
(Hamamatsu, Bridgewater, NJ), a metal-halide lamp  and an Light-emitting diode (LED) 
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Colibri system (Zeiss) including LED wavelengths at 365 and 470 nm; (2) a Nikon A1R 
MP laser scanning confocal attachment on a Nikon Ti Eclipse inverted microscope 
using a 100x/1.45 Plan Apo Lambda oil-immersion objective and standard lasers and 
filters (Nikon Instruments, Melville, NY); System (2) was controlled by NIS Elements 
Advanced Research software (Nikon). Details are given within the sections below 
describing each experiment.  
 
3.4.4. Analysis of replicative age 
Bud-scars were visualized using Calcofluor® White M2R staining (Thermo 
Fisher Scientific, Waltham, MA) or staining with WGA-Alexa Fluor® 647 (Thermo Fisher 
Scientific, Waltham, MA). Cells were incubated with 5µM Calcofluor® White M2R or 
1µg/mL WGA-Alexa Fluor® 647 for 30 sec and washed in corresponding growth 
medium. Bud-scars were visualized on system (1) by fluorescent microscopy using 
standard DAPI (Zeiss filter set 49; excitation G 365, emission BP 445/50) and far-red 
(Zeiss filter set 50 HE; excitation BP 640/30, emission BP 690/50) filter sets and 50ms 
exposure time in 29 z-sections of 0.3µm. Analysis of replicative age was performed for 
individual cells by rotation of 3D-reconstructions in Volocity (Perkin-Elmer, Waltham, 
MA) following iterative deconvolution.   
 
3.4.5. Analysis of mitochondrial distribution 
Analysis of mitochondrial distribution was performed as previously described. 146 
Cells expressing tagged Cit1p-mCherry or Tom07p-mCherry from the endogenous 
locus were imaged on System (1) using a standard rhodamine filter set (Zeiss filter set 
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43 HE; excitation FT 570, emission 605/70). Images were collected through the entire 
cell depth (21 z sections at 0.3-µm intervals), using 1x1 binning, 200ms exposure and 
analogue gain at 216. Images were deconvolved using an iterative restoration algorithm 
(Volocity, Perkin-Elmer, Waltham, MA). The relative distribution of mitochondrial mass 
was estimated by determining total mitochondrial voxel intensity in thresholded, 
deconvolved wide-field z-series of budding cells, for 3 equal regions in mothers, and 2 
equal regions in daughter cells, as defined in Fig. 1b. Mother and bud compartments 
were identified in corresponding transmitted-light images. Cells with buds of diameter 
smaller than 0.2 µm (measured along the mother-bud axis) were excluded. 
 
3.4.6. Analysis of mitochondrial redox state  
For Mito-roGFP1 imaging, select strains were transformed with a centromeric 
plasmid for constitutive expression of roGFP1 fused to the mitochondrial targeting 
sequence of ATP96,76. For all experiments, mito-roGFP1 imaging was performed on 
System (1) using alternating excitation by LEDs at 365nm and 470nm, using 150-ms 
exposure and 25% LED power, and 200-ms exposure and 100% LED power 
respectively, through a modified GFP filter (Zeiss filter Set 46 HE with excitation filter 
removed; dichroic FT 515, emission 535/30 nm). Images were collected through the 
entire cell depth (15 z sections at 0.4-µm intervals) using 1x1 binning and analogue 
gain at 216. Images were deconvolved using an iterative restoration algorithm and 
analyzed in Volocity. The reduced-to-oxidized mito-roGFP ratio was calculated by 
dividing voxel-by-voxel intensity of the reduced (λex = 470 nm, λem = 525 nm) over 
oxidized (λex = 365 nm, λem = 525 nm) channels in Volocity software using background 
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selection and thresholding steps. The resulting ratio channel was measured while 
excluding zero values. Mother and bud compartments were identified in corresponding 
transmitted-light images. To assess the relative mitochondrial redox state within 
different areas of the cell, mothers and buds were divided into 5 regions of interest as 
previously described.146 Cells with buds of diameter smaller than 0.2 µm (measured 
along the mother-bud axis) were excluded. 
 
3.4.7. Replicative lifespan analysis 
Replicative lifespan (RLS) measurements were performed as described 
previously142, without alpha-factor synchronization. Briefly, frozen glycerol stocks of 
select strains (stored at -80°C) were streaked out on YPD plates and grown for 2 days. 
Single colonies were grown overnight in liquid YPD at 30°C, diluted and grown to 
exponential phase for 4 hrs in YPD at 30°C. 2 µl of the cell suspension was streaked 
onto a YPD plate and small-budded cells were isolated and arranged in a matrix using 
a micromanipulator mounted onto a dissecting microscope (Zeiss, Thornwood, NY). 
Upon completion of budding, mother cells were discarded; the time and number of 
divisions of the corresponding daughter cells was recorded until all replication ceased. 
 
3.4.8. Analysis of Mfb1p sensitivity to Latrunculin A 
The effect of LatA on the actin cytoskeleton was assessed by visualization of 
Abp140p-GFP. Relative mitochondrial and Mfb1p distribution was quantified within 
ROIs in cells expressing Tom70p-mCherry and Mfb1p-Citrine from the endogenous loci. 
The Citrine tag was used because stress-induced mitochondrial autofluorescence 
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produces high background in CFP and GFP channels. LatA (Sigma-Aldrich, St. Louis 
MO) was dissolved in 100% ethanol. Mock treatments were performed by adding the 
equivalent volume of ethanol to cells.  
 
3.4.9. Enrichment of aged mother cells 
The enrichment of aged mother-cells was performed according to previously 
described methods with modifications (see Appendix I).150 Briefly, 2x107 cells growing 
in log-phase were washed in PBS pH 8.0, labelled with 5mM EZ-linkTM NHS-Biotin 
(Thermo Fisher Scientific, Waltham, MA) for 30 min in water and washed with PBS pH 
8.0, 100mM glycine. Cells were inoculated in 25mL SC-medium and aged in two 
intervals of 9 hrs followed by magnetic sorting: following aging, cells were washed with 
either ice-cold PBS, 2mM EDTA, 0.5% bovine serum albumin (BSA) (Sigma-Aldrich, St. 
Louis MO) or normal SC, re-suspended in 40µL of the same buffer and 2µL magnetic 
anti-biotin microbeads (Miltenyi Biotech Inc. San Diego, CA) for 10min on ice or at room 
temperature. Cells were then washed and resuspended in either cold PBS, 2mM EDTA, 
0.5% BSA or SC and added to a MS magnetic sorting column attached to a 
MiniMACS™ Separator (Miltenyi Biotech Inc. San Diego, CA). Following two separate 
washes with 1mL cold PBS, 2mM EDTA, 0.5% BSA or SC to remove non-labeled cells 
from the column (flow-through fraction) the column was detached from the magnet and 




3.4.10. Statistical methods 
Statistical tests were performed in Microsoft Excel or R-3.1.0. According to data 
structure, p-values were determined using appropriate variants of the Student’s t-test 
for normal distributions, Wilcoxon Rank-Sum test for non-parametric data, log-rank test 
for RLS data and Fisher’s exact test for count data (see figure legends for details and 
significance thresholds). Non-linear model fitting by regression was and Anova was 
performed in R-3.1.0. Sample sizes were chosen based on a qualitative assessment of 



















Supplementary Figure 6: Successful enrichment of aged mother cells. Cells 
expressing Tom70p-mCherry and Mfb1p-Citrine from genomic loci were grown to 
exponential phase and labeled with biotin. Over two 9h intervals, cells were allowed to 
divide following by capture of the originally biotinylated cells by addition of magnetic 
anti-biotin microbeads and sorting on a magnetic column. Cells were re-inoculated or 
analyzed. Bud-scars were visualized by WGA-Alexa Fluor® 647 and replicative age of 
cells within the retained fraction was analyzed in 3D-reconstructions. The age-
distribution of cells within the retained fraction is compared to the theoretical distribution 









Supplementary Figure 7: Similar rates of Mfb1p-polarization decay and viability 
decay in WT cells.  Old cells expressing Mfb1p-Citrine were enriched from an 
exponential culture and stained with WGA-Alexa Fluor® 647 to visualize bud-scars. 
According to constrained linear regression with slope=0 we define a polarization 
threshold that categorizes cells with less than 70% of whole-cell Mfb1p-Citrine signal in 
the mother tip as depolarized. We quantify the number of cells with depolarized Mfb1p-
distribution (polarization decay) and the number of cells dying (RLS decay) at a given 
age in WT cells. To align the two distributions we set the age at which the first cells are 
found depolarized (age 3) or cease to replicate (age 10) as T=0. Non-linear regression 
models following y=a*ln(x)+b are fit to the data which highlight a correlation coefficient 




Supplementary Table 3: Strains used in this study 
Strains Genotype Source 




MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 
Pernice et al 
2016 
WPY0006 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 mfb1Δ::kanMX6 
Pernice et al 
2016 
WPY0015 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [pMito-
roGFP1:URA3] 
Pernice et al 
2016 
WPY0016 
MATa his3∆1 leu2∆0 met15∆0 ura3∆10 mfb1Δ::LEU3 
[pMito-roGFP:URA3] 
Pernice et al 
2016 
JVY:66 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 MFB1-GFP-KanMX6 




MATa his3∆1 leu2∆0 met15∆0 ura3∆0 TOM70-mCherry-
hphMX4  
Pernice et al 
2016 
WPY0163 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4, axl1∆::URA3  
This study 
WPY0166 




MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 MFB1-GFP-KanMX6 bud1∆::LEU 
This study 
WPY0175 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 MFB1-GFP-KanMX6 axl1∆::URA3 
This study 
WPY0181 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 bud1∆::LEU mfb1Δ::kanMX6 
This study 
WPY0020 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 MFB1fboxΔ-GFP-KanMX6  
This study 
WPY0182 










MATa his3∆1 leu2∆0 met15∆0 ura3∆0, CIT1-mCherry-
hphMX4 bud1∆::LEU [pMito-roGFP1:URA3] 
This study 
WPY0179 





MATa his3∆1 leu2∆0 met15∆0 ura3∆0, CIT1-mCherry-
hphMX4 axl1∆::LEU [pMito-roGFP1:URA3] 
This study 
WPY0136 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mCherry-
hphMX4 MFB1-Citrine-Sh ble 





























“To withstand the test of time.” That we shall fail at this task may be hard to 
believe in youth, but as we grow older the concept of age silently develops into an 
intuition shared amongst the members of humanity (and likely beyond). Just as familiar 
are we with the observation that our parents are older than us. Yet, hidden within what 
seems so obvious lies maybe the most defining feature of life; we may not withstand 
the test of time as individuals, but we pass it by the ability to reset age for our offspring. 
Why does aging occur? Given the general decline in fitness, as well as in specific 
cellular and tissue-function and an increased susceptibility disease that characterize 
aging, one could expect it should be selected against. And in a second question, must 
it occur? In the words of Williams: “It is remarkable that after a seemingly miraculous 
feat of morphogenesis a complex metazoan should be unable to perform the much 
simpler task of merely maintaining what is already formed.” 151 Interestingly, there are 
today documented cases of organisms in which aging may not occur.152 For example, 
the fission yeast Schizosaccharomyces pombe (S. pombe) grown under favorable 
conditions do not show an increased rate of mortality nor a slowing of cell division with 
time. Under conditions of stress by heat or oxidizing conditions however, cellular aging 
became observable and correlated with the inheritance of Hsp104p-GFP positive 
aggregates; cells born without aggregates appeared age-free.153 The example of S. 
pombe serves to illustrate a concept of aging as first formalized by Thomas Kirkwood 
in 1979: following the disposable soma theory of aging the asymmetric sequestration of 
detrimental determinants of age towards a disposable soma facilitates the conservation 
of reproductive fitness within a germ line and is evolutionary favorable to the 
energetically costly maintenance of a pristine germline through repair.154 This would be 
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particularly true for multicellular organisms, in which the investment of energy into the 
formation of complex tissues that enable more elaborate behaviors suited to conquest 
of a particular niche may be advantageous to the maintenance of each cell in a damage-
free state.155  
While signs of aging are obvious in most multicellular organisms, it was not clear 
whether aging also occurred in single cellular species. With the development of 
adequate technology to observe lifespan, it became clear that aging occurs in 
organisms such as S. cerevisiae as well. Using microdissection to follow individual 
mother cells while removing their buds, Barton discovered in 1950 that individual cells 
eventually die.156 More comprehensive analysis revealed that mortality also increases 
with the number of buds produced, similar to division times.130 Both serve as markers 
of age. The observation that even single cellular organisms such as S. cerevisiae 
undergo replicative aging suggests that a benefit of maintaining replicative fitness 
eternally is outweighed by other aspects such as growth rate.157  
Asymmetric cell divisions stand at the center of the ability to differentially 
segregate age determinants to reset lifespan, and to allow functional differentiation.7,63 
S. cerevisiae presents a powerful model organisms to study the principles of 
asymmetric cell division and rejuvenation owing to its extensive molecular 
characterization, swift generation times and relative ease of genetic manipulation. 
Consequently, a majority of age-determinants and the mechanisms underlying their 
asymmetric segregation have been first identified in budding yeast (see chapter I).63,134 
Yet, the field of asymmetric cell division remains comparatively young and many 
fundamental questions remain to be addressed.  
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In my thesis, I explore essential aspects asymmetric cell division in respect to 
mother-daughter age asymmetry. In chapter II, I describe my characterization of 
Mitochondrial F-Box Protein (Mfb1p) as a novel mitochondrial retention factor that 
shows highly polarized subcellular localization. Together with the previously identified 
cortical anchorage protein Num1p, Mfb1p explains mitochondrial anchorage within the 
mother cell. In contrast to Num1p, Mfb1p has critical functions in the specific retention 
of a mitochondrial population characterized by superior functionality markers. I discover, 
that Mfb1p plays an essential function in both quantitative retention and qualitative 
maintenance of this mitochondrial population. In effect, loss of Mfb1p largely overrides 
the effects of asymmetric mitochondrial inheritance that normally rejuvenates daughter 
cells and leads to premature aging.  
In chapter II, I uncover an intricate relationship between Mfb1p and the cellular 
polarity machinery. Specifically, I address the role of a defining feature of the haploid 
lifecycle of budding yeast: the maintenance of an axial budding pattern. I find that 
maintenance of axial budding is essential for polarization and function of Mfb1p. I further 
document severe lifespan defects in haploid cells upon loss of axial budding through 
BUD1-deletion and delineate the contribution of defects in Mfb1p-function within this 
context. I finally uncover a direct relationship between the F-actin cytoskeleton and 
Mfb1p-function and find evidence to suggest that a decline in Mfb1p-function may mark 
a natural age related decline in F-actin dynamics.  
I here contextualize these findings and outline important implications and 




4.1. Mfb1p as a novel, site-specific mitochondrial retention protein 
The site-specific retention of cellular constituents complements the capacity for 
directed trafficking along a polarized cytoskeleton. In contrast to Num1p that mediates 
general mitochondrial anchorage along the maternal cortex, Mfb1p’s function controls 
mitochondrial retention at a particular subcellular site.146 In neurons as in budding yeast, 
mitochondria are distributed along a linear axis, here defined by the axon and dendrites. 
Interestingly, close to 70%81 of mitochondria within axons are stationary and increasing 
evidence suggests that their location is highly regulated. The sensitivity of mitochondrial 
movement to Ca2+ influx, which may arise from the local activation of glutamate 
receptors or the release of Ca2+ from intracellular stores, supports the notion that 
mitochondria are dynamically recruited to sites of particular of demand for Ca2+-
buffering or ATP-production.158-160 The role of Ca2+ in mitochondrial motility in budding 
yeast remains to be explored. In mammalian cells, Ca2+-sensitivity of mitochondrial 
movement depends on a Ca2+-sensitive EF-hand in the motility adaptor Miro.159 While 
many homologues of important mitochondrial proteins lack Ca2+-sensitivity in S. 
cerevisiae161, the yeast homologue of Miro, Gem1p162 offers an attractive candidate to 
explore this question.  
Interestingly, other mechanisms have also been shown to regulate mitochondrial 
retention in neurons. In particular, RNAi knockdown of the actin-associated motor 
proteins Myosin V and VI in Drosophila neurons dramatically increased mitochondrial 
motility, suggesting a role of the actin-cytoskeleton in limiting microtubule-based 
mitochondrial motility.163 Given the sensitivity of Mfb1p to perturbations of the actin 
cytoskeleton, this may highlight important parallels between the mechanisms of 
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mitochondrial retention in budding yeast and other organisms. An interesting 
perspective is the requirement of mitochondrial accumulation at the immunological 
synapse (IS), a critical step in T-cell activation;164 the actin cytoskeleton, and in 
particular the retrograde flow of actin filaments that is essential to asymmetric 
inheritance of high-functioning mitochondria in yeast11, also participates in IS 
formation.165,166 Whether mitochondrial anchorage is involved here, and the details of a 
potential relationship of actin and mitochondria in T-cell activation are questions for 
future studies.  
The evolution of distinct mitochondrial retention mechanisms in yeast, according 
to qualitative differences in mitochondrial function, may also have parallels in other 
organisms. In contrast to the readily reversible inhibition of mitochondrial transport by 
Ca2+, recent evidence suggests a role for PINK1 (a kinase) and Parkin (a E3-ubiquitin 
ligase), the founding members of an extensively studied quality control mechanism 
implicated in Parkinson’s disease 167, in mitochondrial motility.168 In short, 
pharmacological depolarization of mitochondria with carbonyl cyanide m-
chlorophenylhydrazone (CCCP) causes PINK1 dependent phosphorylation of Miro and 
the inhibition of mitochondrial transport.168 Moreover, Parkin can ubiquitinate Miro and 
target it for proteasomal degradation.169 However, current evidence suggests that 
Mfb1p – albeit an F-box protein – does not participate in canonical E3 ubiquitin-ligase 
SCF-complexes (see below).119,120 Moreover, Mfb1p associates with high-functioning, 
instead of damaged organelles. Mfb1p also appears to lack any inherent ability to sense 
mitochondrial quality. Interestingly, the asymmetric inheritance of mitochondria in 
asymmetric stem-cell divisions is also insensitive to the disruption of mitochondrial 
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membrane potential.75  This suggests that mechanisms other than PINK1/Parkin-
dependent mitochondrial retention are involved. The identification of Mfb1p may help in 
the identification of such alternative processes.  
 
4.2. Maintenance of a high-functioning mitochondrial population in mother 
cells through Mfb1p 
The inheritance of high-functioning mitochondria to buds is critical for daughter 
cell rejuvenation.6 11 However, the benefit of inheriting rejuvenating factors would be 
voided, if they were physically lost from the cell within a few division. As such, Mfb1p-
dependent mitochondrial retention illustrates an important balance between the 
sacrifice a mother makes by segregating highly functional constituents to daughter cells, 
and the requirement to do so repeatedly. In particular, the ability to give rise to multiple, 
pristine daughter cells forms the basis of exponential growth, and of thus supports the 
ability to rapidly occupy new sources of nutrients.157  
An outstanding question is whether Mfb1p may conserve mitochondrial quality 
as mother cells age (see Chapter II). The investigation of this question was previously 
difficult beyond generation 5,6 as for the rarity of older mother cells in cultures. 
Moreover, longitudinal studies of the evolution of mitochondrial redox-state with age 
using roGFP1 is problematic due to bleaching of the probe (unpublished results). With 
the development of a gentle enrichment protocol for aged cells (see Appendix) this 
question can be addressed directly.  
A related question is how Mfb1p-dependent qualitative maintenance of a distinct 
population of high-functioning organelles may occur and how it translates into cellular 
127 
 
benefits. In particular, constant mitochondrial fusion- and fission cycles that are thought 
to occur as an important mechanism of mitochondrial quality control render the 
presence of a qualitatively distinct population of mitochondria surprising.170,171 While 
aspects of genetic complementation and the dilution of damaged protein-complexes or 
lipids by content mixing may be beneficial to conserve mitochondrial network-quality at 
large, it could conversely erode any qualitative superiority of individual populations.74 
Noticeably, studies in Drosophila and human tissues suggest mitochondrial fusion to 
occur selectively between organelles with higher membrane potential, while fission acts 
to segregate damaged compartments. 172 In particular, Parkin ubiquitinates the 
mitofusins Mfn1 and Mfn2 in response to CCCP and may prevent the fusion of 
depolarized mitochondria under normal conditions.173,174  
Is it thus possible that Mfb1p achieves qualitative isolation of its associated 
mitochondrial pool by regulating fusion/fission dynamics? Early studies focusing on 
mitochondrial morphology found that Mfb1p is dispensable for both fusion and fission 
to occur. 119,120 However, any effects on fusion or fission by Mfb1p would be subtle and 
highly localized and, due to the severe primary defects upon MFB1-deletion could not 
be studied in mfb1Δ cells. Other experimental approaches may be fruitful however; in 
particular, limited content mixing between the mother-tip associated population and 
other mitochondria would predict that any specific labelling of mother-tip mitochondria 
should persist over time. Such could be achieved by local switching of monomeric 
photoconvertible fluorescent probes such as mEOS3 targeted to mitochondria.175 In 
addition, overexpression experiments, or the molecular identification of Mfb1p-binding 
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partners and functional domains may further aid in addressing this question (see 
below).  
Differential photolabelling of the Mfb1p-associated mitochondrial population may 
also help to address another question. Given that mother cells donate roughly 40% of 
their mitochondrial mass to daughter cells (see Chapter II & III), the equivalent amount 
must be regenerated between cell divisions. As most organelles, mitochondria are not 
generated de novo; rather existing organelles grow and new mitochondrial units can be 
distributed by fission.87 It would thus seem efficient, to derive organelles from existing 
high-functioning organelles. Preferential expansion and inheritance of mitochondria 
from a distinct population of mitochondria should be observable by pulse-chase 
experiments. The Mfb1p-dependent population of high-functioning mitochondria could 
play an important role in such a process.  
 
4.3. Maintenance of cell polarity in the support of replicative potential 
Axial budding in haploid S. cerevisiae is a well-documented phenomenon, yet 
thus far only the potentially “tighter clustering” of cells that may undergo sexual 
reproduction has been proposed as a potential reason for the evolution of this pattern. 
145 The remarkable stringency with which axial budding occurs in haploid cells however 
suggests that it may serve elaborate functions.22 The severe lifespan defects in bud1Δ 
cells support this notion. The disruption of Mfb1p-polarization and the concurrent 
impairment of mitochondrial quality and maternal retention in both bud1Δ and axl1Δ 
mutants further demonstrate a direct link between the maintenance of axial budding 
and mitochondrial quality control. Beyond that however, my results suggest that other 
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unanticipated processes that support cellular RLS are impaired upon BUD1-deletion. 
One such process has been suggested to relate to a diminished integrity of the cortical-
ER diffusion barrier in bud1Δ cells.14 The assessment of RLS defects upon ALX1-
deletion (which is only expressed in haploid cells) will be aid to further discriminate 
between Bud1p-specific defects and those fundamental to the loss of axial budding 
itself. Moreover, a detailed analysis of mitochondrial quality as function of position within 
the mother and daughter cell will be needed to address the impact of Mfb1p-
depolarization and loss of axial budding on the ability asymmetrically segregate high-
functioning mitochondria to daughter cells.  
Interestingly, the maintenance of cellular polarization is also critical in 
multicellular organisms. In contrast to S. cerevisiae, cell polarization here is largely 
derived from extrinsic cues such as cell-cell contacts.143 176 Correct polarization in 
Drosophila male germ cine cells (GSCs) is directly derived from adherens junctions with 
their neighboring somatic hub cells and impaired E-cadherin signaling prevents self-
renewing asymmetric cell divisions.177 176 Moreover, Drosophila cells within the 
polarized epithelium of the ventral neuroectoderm give rise to neuroblasts that 
delaminate from the epithelium and undergo asymmetric cell divisions. Elegant studies 
showed that this depends on neuroblasts escaping the polarizing cues that structure 
the epithelial layer they emerge from. Conversely, the disruption of E-cadherin signaling 
impairs the polarized distribution of the WNT signaling protein adenomatous polyposis 
coli (APC) to adherens junctions and leads to asymmetric cell divisions in the epithelium 
as well.178 Thus, the maintenance of correct stem-cell polarization (here, through the 
stem-cell niche) can both promote asymmetric cell divisions and prevent them from 
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occurring. By defining replicative potential, the loss of cell polarization in mammalian 
cells is thought to play an important role in cancer (APC is mutated in over 80% of 
sporadic colorectal tumors).179 Arguably, the concept of cancer does not apply to yeast 
and many aspects of niche-determined asymmetric cell division differ substantially from 
S. cerevisiae. Yet, as a virtually unexplored topic, the effect that impaired maintenance 
of cell polarity has on replicative potential in budding yeast may yet provide important 
insights into the fundamental biology of asymmetric cell divisions.  
 
4.4. Mfb1p as a non-canonical F-box protein 
Future studies will be required to address the molecular mechanisms though 
which Mfb1p exerts its cell-physiological effects. In this context Mfb1p presents itself as 
a highly non-canonical F-box protein. Early studies found that Mfb1p associates with 
the SCF-complex component Skp1p but not Cdc53p and thus is unlikely to participate 
in typical E3-ubiquitin ligase pathways and proteasomal degradation.119,120 
Alternatively, the interactions with Cdc53p may be too transient in nature to be easily 
detected. Since many functions of Mfb1p were not known, the results on the role of the 
SCF complex and the proteasome may have to be readdressed.119  
However, the number of F-box proteins without an apparent function in 
ubiquitination or proteasomal degradation steadily increases.180 For example, the F-box 
protein Rcy1p, similar to Mfb1p, forms a complex with Skp1p but not the SCF complex 
and is required for endocytic recycling of the v-SNARE Snc1p in S. cerevisiae.181 Similar 
to Mfb1p, Rcy1p distribution is highly asymmetrical. Likely as a result of polarized 
vesicle delivery, Rcy1p accumulates at the bud tip in during bud-development. In 
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contrast to Mfb1p, the effect of the N-terminal F-box deletion on Rcy1p localization, 
remains somewhat unclear.181  
How may Mfb1p’s F-box domain regulate its polarized distribution? The exquisite 
sensitivity of Mfb1p to perturbations in the actin cytoskeleton suggests that F-actin plays 
a role here. To address this question, the identification of Mfb1p-binding partners will 
be instrumental. In addition to Skp1p, previous studies have identified the mitochondrial 
preprotein import receptors Tom70p and Tom71p to facilitate Mfb1p-association with 
mitochondria.182 Novel methods in proximity labeling such as through the genetically 
encoded peroxidase reporter APEX2, may critically enable the identification of 
additional binding partners.183 In particular, these methods may capture interactions 
with transmembrane proteins that are otherwise hard to detect, or of transient 
interaction partners.  
Further insight into the molecular mechanisms of Mfb1p will be gained from the 
definition its functional domain structure. Exhaustive bioinformatic analysis by primary 
sequence alignment powered by hidden-markov models and iterative homology 
modeling of tertiary structure using a variety of publically available software suites 
(Phyre2, I-TASSER, Robetta) has not allowed the identification of conserved domains 
within Mfb1p apart from its F-box domain (unpublished results). Instead, the 
functionality of individual segments of Mfb1p can be determined directly. Similar to N-
terminal truncation of the F-box motive, the phenotype of other Mfb1p-truncations may 
help define individual domains. Preliminary results indicate that this approach may be 
fruitful. In particular, C-terminal truncation of Mfb1p, in particular Mfb1p1-350 to Mfb1p1-
225, eliminates Mfb1p’s mitochondrial retention function but does not displace Mfb1p 
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from mitochondria. In contrast, Mfb1p1-70 (containing the F-box motive) is cytoplasmic. 
Interestingly, consistent with a relationship between Mfb1p and actin, overexpression 
of N-terminally truncated Mfb1p225-465-GFP marks actin-cables. These preliminary 
results suggest that the amino acids 71-225 are essential for the ability of Mfb1p to 
associate with mitochondria. Confirmation and further exploration of these preliminary 
results will facilitate a more detailed understanding of Mfb1p function.   
 
4.5. Concluding remarks 
As maybe the simplest eukaryotic system, S. cerevisiae yet remains one of the 
most powerful model-organisms to explore the fundaments of biology. The critical role 
that Mfb1p plays in regulating mitochondrial inheritance as a retention factor warrants 
the question whether equivalent factors exist for other organelles. As illustrated by the 
sophisticated construction of ER-diffusion barriers that act to contain damaged 
components within the mother cell, the initial segregation of a fully functional ER to 
populate the emerging bud may be beneficial. Interestingly, the mRNA’s of 3 of the 6 
proteins necessary for cortical ER-tethering to the plasma membrane asymmetrically 
localize to the bud (Ist2p, Tcb2p, and Tcb3p).13,92 Addressing these questions elucidate 
the fundamental processes underlying the cellular ability to maintain and propagate an 
age-free state as the fundament of reproduction. Even in largely post-mitotic cell-types 
such as motor neurons, that do not normally, or only very slowly regenerate and largely 
must persist through age, insights into the strategies that allow the segregation of 
damaged from functional cellular constituents will be invaluable to enhance our ability 
to treat devastating diseases and combat age related morbidity. Within this worthy 
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pursuit, I believe we yet must remain reasonable and not attempt to challenge aging 
itself. In the end, as eloquently put by Mark Twain:  
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5.1. Introduction:  
The study of replicative lifespan in S. cerevisiae faces a fundamental challenge, 
since replicatively aging mother cells become exponentially diluted by their progeny due 
in growing cultures. The rarity of even relatively young mother cells (generation 5 cells 
represent ~3% of an exponential population) relative to their average lifespan (~27 
generations) is prohibitive to many techniques that would allow the direct analysis of 
any age-related traits. Microdissection of buds from individual mother-cells is an 
exception to this rule and has served as the method of choice for the analysis of 
replicative lifespan for over 50 years.1 However, RLS analysis by microdissection is 
laborious (50 cells/week) and is not usually compatible with an analysis of cell biological 
traits beyond general cell-morphology, division times and RLS.2  
Recent efforts have led to the development of numerous methods to address 
these challenges. The mother-enrichment program3  employs a genetic method to 
inhibit daughter-cell division, by driving the expression of Cre-recombinase from a 
daughter-cell specific promoter (SCW11).4 This results in the excision of two genes 
essential for cell division (CDC20 and UBC9) in new-born cells. To allow propagation 
of this strain, Cre is fused to and estradiol binding domain which prevents import of the 
recombinase into the nucleus in absence of estradiol.3 In effect, estradiol-treated cells 
hence grow linearly rather than exponentially, slowing the dilution of older mother cells. 
While this is an improvement, this approach still requires the direct purification of older 
mother cells from the culture. In addition, although estradiol treatment does not affect 
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yeast cell growth, it may have other effects that impact on lifespan. The application of 
this method has led to important findings, particularly in regard to the decay of 
mitochondrial membrane potential and vacuolar function in aging cells.5,6 Nevertheless, 
the dependence on extensive genetic modifications and pharmacological treatments 
Figure 23 Affinity purification of aged mother cells in S. cerevisiae. The diagram 
outlines our strategy for the efficient enrichment of old mother cells. (1) Cells growing in 
log-phase are labeled with NHS-biotin and (2) inoculated in a sufficient volume of 
growth medium to allow a defined number of cell divisions, avoiding saturation. (3) 
Subsequently, the cell suspension is incubated in the presence or absence of 
paraformaldehyde and then incubated with magnetic anti-biotin microbeads (4) Cells 
are washed and loaded onto a sorting column exposed to a magnetic field that retains 
labeled (old) but not unlabeled (young) cells. Following washes, the column is removed 
from the magnet and the retained cells are eluted by force of a plunger. (5) 
Alternatively, cells are analyzed or re-inoculated for to 
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requires extensive controls to ensure any phenotypes observed are due to a natural 
aging process.  
Other methods focus on the direct observation of cellular aging in microfluidic 
devices7,8 or the unbiased enrichment of aged mother cells from exponential cultures.9 
Our own results suggest that current methods of microfluidic trapping of mother cells 
(while daughter cells are washed away) allow short-term observations of replicative 
lifespan (~10 generations) in combination with high-resolution fluorescent microscopy. 
However, the exploration cellular physiology in cells older than 15 generations remains 
challenging owing to limited trapping efficiencies (unpublished results). Furthermore, 
microfluidic trapping of old cells is not easily compatible with biochemical methods to 
explore potential age-related changes.  
The direct enrichment of aged cells from exponential cultures by affinity 
purification in our eyes holds the greatest promise to allow comprehensive 
characterization of aged mother as a platform technology. We here adapt a method 
based on affinity purification of aged cells labeled with biotin that has previously been 
employed in seminal studies exploring the role of ERC’s as a driver of age.10 We find 
however, that previous protocols induce significant cell-stress during the purification 
step, such as the complete disruption of the actin cytoskeleton. We develop 
modifications to the protocol that avoid these problems but conserve efficiency and 




5.2. Results and discussion: 
Previous studies outline the efficient enrichment of old S. cerevisiae mother 
cells by biotin-streptavidin mediated affinity purification. 9-11 The purification of old 
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mother-cells is based on NHS-biotin labelling of free amino groups exposed on the 
yeast cell wall of cells growing in exponential phase (predominantly young cells) (Fig. 
23). Labeled cells are then inoculated and allowed to divide over a defined period of 
time (replicative aging). To purify the original biotinylated cells, which after numerous 
cell divisions are highly diluted by their unlabeled progeny, anti-biotin magnetic 
microbeads are added to the mixed culture (we find that streptavidin coated 
microbeads are significantly less efficient; data not shown). Following washes, the cell 
suspension is applied to a magnetic sorting column to separate cells into flow-through 
(unlabeled, young cells) and retained (labeled, old) fractions. 
We find that this approach – as expected – allows the efficient purification of 
aged cells with ~50% loss in yield compared to the original number of cells inoculated. 
We find that old cells are significantly enriched in the retained fraction, even though we 
also find young cells (Fig. 24a,b). Next to technical limitations, one reason for this may 
be that we perform the enrichment from log-phase cultures: recent daughter cells of old 
mothers may thus be co-eluted. A limitation of this protocol exists in the exceedingly 
large volumes of medium required to avoid saturation of the culture over multiple rounds 
of exponential growth. We avoid this problem by optionally re-inoculating the retained 
Figure 24: Efficient enrichment of old cells with various age distributions.  Mother 
cells were allowed to divide for defined periods of time and subsequently enriched from 
the cell suspension using magnetic sorting. a) Representative images of flow-through 
(young) and retained (old) cells stained with WGA-Alexa647 to visualized bud-scars. b) 
Quantification of the age-distribution in flow-through and retained fractions as 
determined by analysis of bud-scars in 3D-reconstructions. c) Biotinylated cells were 
subjected to two intervals of 9h growth followed by enrichment and the relative age-
distribution of the retained fraction was quantified as before. A theoretical distribution 




fraction, thereby allowing further aging of the original cells in multiple intervals in 
reasonable volumes (25mL) (Fig. 24c). As an alternative we explore the use of a 
continuous growth-setup in which magnetically labeled cells divide within the magnetic 
column under constant perfusion with medium to elute daughter cells (Supplementary 
Fig. 8a). We find that this setup also allows the efficient enrichment of aged mother cells 
after many generations (Supplementary Fig. 8b).  
Figure 25: Disruption of the actin-cytoskeleton using previous methods. a) Cells 
expressing Abp140p-GFP were grown to exponential phase and biotinylated, aged and 
purified in either ice-cold PBS, 2mM EDTA, 5%BSA or YPD at room temperature. 
Representative images of the Abp140p-GFP distribution are shown. b) Representative 
images of WT cells subjected to the enrichment protocol but stained with WGA-
Alexa647 and fixed in 4% paraformaldehyde for 30 minutes prior to labeling with anti-
biotin microbeads and magnetic sorting. Cells were subsequently permeabilized and 
stained with Alexa488-phalloidin to visualize the actin cytoskeleton.  
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The purification step as outlined in previous protocols suggests the magnetic 
enrichment to be performed in a specific buffer of ice-cold PBS, 2mM EDTA, 5% BSA. 
9-11  Critically, we find that these conditions severely disrupt the actin cytoskeleton (Fig. 
25a). Importantly, the enrichment step in our hands requires at least 30 min during 
which cells in the suggested PBS buffer are deprived of nutrients and experience cold 
shock. First, we find that the cold PBS buffer is not essential for the purification; instead 
we perform the purification in YPD at room temperature and find only negligible 
decreases in yield (~60% loss). Importantly, we find that under these conditions no 
obvious effects on the actin cytoskeleton are apparent (Fig. 25a). Nevertheless, the cell 
suspension during the purification step is at extremely high density (O.D. ~ 20 compared 
to an O.D. of 0.2-0.6 in log phase) and the elution of the retained fraction exposes the 
cells to potentially significant physical stress. We thus cannot exclude other, more 
subtle effects on cellular physiology.  
As a second alternative to avoid cell stress, we explore the fixation of cells prior 
to the purification step. We find that fixation with 4% paraformaldehyde does not impair 
efficient labeling of biotinylated cells with anti-biotin microbeads and their retention 
within the magnetic column (Fig. 25b). Hence, for structural imaging studies, this 
method is likely to avoid the majority of effects induced by the purification protocol. Yet, 
no dynamic processes will be observable using this approach.  
Finally, fixation of cells prior to purification limits the availability of biochemical 
approaches to study e.g. changes to the cellular proteome with age. We suggest 
however, that normalization to the flow-through fraction – that is exposed to largely the 
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same stresses as the retained fraction – should allow the discrimination of (shared) 
effects of the enrichment protocol and specific differences between young and old cells. 
In conclusion, we optimized a protocol for the enrichment of old mother cells that 
is compatible with subsequent analysis by fluorescent microscopy and biochemical 
methods with sufficient statistical power. We show that our modifications avoid 
significant confounding factors in the evaluation of age-related phenotypes. We suggest 
that ease-of-use, cost-efficiency and flexibility of the method may critically enable future 
studies into the age-related physiology of budding yeast.  
 
5.3. Experimental procedures:  
5.3.1. Yeast growth conditions 
All S. cerevisiae strains used in this study were derived from wild type BY4741 
(MATa his3Δ0, leu2Δ0, met15Δ0, ura3Δ0) from Open Biosystems (Huntsville, AL), 
Yeast cells were propagated and manipulated as previously described12. With the 
exception of experiments for the determination of replicative lifespan (RLS), all cells 
were grown at 30°C with shaking in synthetic complete (SC) medium unless otherwise 
stated. For imaging experiments, all strains were grown overnight in liquid culture and 
diluted 4 hrs prior to image acquisition so that cultures were growing in logarithmic 
phase at the time of data acquisition. 
 
5.3.2. Yeast strain construction 
All knockout strains were created by replacing the target genes with knockout 
cassettes containing the selectable markers LEU2, URA3 or KanMX6 through 
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homologous recombination according to previously described protocols13-14. Briefly, 
PCR fragments containing an appropriate selectable marker flanked by 40bp of 
homology to regions immediately upstream and downstream of the target gene open 
reading frame were amplified using from plasmids pFA6a-kanMX6, pOM12 or pOM13 
(Addgene). Transformations were carried out using the lithium acetate method13. 
Transformants were selected on SC dropout plates for auxotrophic markers or rich 
glucose-based medium yeast extract peptone dextrose (YPD) medium plates 
containing 200 µg/ml Geneticin (Sigma-Aldrich, St. Louis MO) to select KanMX6-
positive cells. Positive transformants were confirmed by PCR.  
To construct strains expressing fluorescently tagged fusion proteins such as 
Cit1p-mCherry, we followed the method outlined above; however, PCR fragments were 
amplified from plasmids pFA6a-GFP(S65T)-kanMX, pCY3090-02, pCY3080-07 
(Addgene), pWP63 or pWP64 (available on request) to contain the coding regions for 
GFP(S65T), mCherry, Citrine, YFP and CFP, followed by kanMX6, hphMX4, Sh ble 
(bleomycin) or LEU2 respectively. The homology of the flanking regions was designed 
to insert the cassette in frame with the target ORF’s 3’end. Selection was carried out on 
YPD plates using 200 µg/ml Geneticin (for KanMX6) (Sigma-Aldrich, St. Louis MO) or 
300 µg/ml Hygromycin B (for hphMX4) (Life Technologies, Carlsbad CA).  
 
5.3.3. Microscopy 
Fluorescence microscopy was carried out on one of the following systems: (1) 
an inverted AxioObserver.Z1 microscope with a 100x/1.3 oil EC Plan-Neofluar objective 
(Zeiss, Thornwood, NY), an Orca ER cooled charge-coupled device (CCD) camera 
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(Hamamatsu, Bridgewater, NJ), a metal-halide lamp  and an Light-emitting diode (LED) 
Colibri system (Zeiss) including LED wavelengths at 365 and 470 nm; (2) a Nikon A1R 
MP laser scanning confocal attachment on a Nikon Ti Eclipse inverted microscope 
using a 100x/1.45 Plan Apo Lambda oil-immersion objective and standard lasers and 
filters (Nikon Instruments, Melville, NY); System (2) was controlled by NIS Elements 
Advanced Research software (Nikon). Details are given within the sections below 
describing each experiment.  
 
5.3.4. Analysis of replicative age 
Bud-scars were visualized using staining with WGA-Alexa Fluor® 647 (Thermo 
Fisher Scientific, Waltham, MA). Cells were incubated with 1 µg/mL WGA-Alexa Fluor® 
647 for 30 sec and washed in corresponding growth medium. Bud-scars were visualized 
on system (1) by fluorescent microscopy using standard far-red (Zeiss filter set 50 HE; 
excitation BP 640/30, emission BP 690/50) filter sets and 50 ms exposure time in 29 z-
sections of 0.3 µm. Analysis of replicative age was performed for individual cells by 
rotation of 3D-reconstructions in Volocity (Perkin-Elmer, Waltham, MA) following 
iterative deconvolution.   
 
5.3.5. Enrichment of aged mother cells 
The enrichment of aged mother-cells was performed according to previously 
described methods with modifications.11 Specifically, 2x107 cells growing in log-phase 
were washed in PBS pH 8.0, labelled with 5mM EZ-linkTM NHS-Biotin (Thermo Fisher 
Scientific, Waltham, MA) for 30 min in water and washed with PBS pH 8.0, 100 mM 
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glycine. Cells were inoculated in 25 mL SC-medium and aged in two intervals of 9 hrs 
followed by magnetic sorting: following aging, cells were washed with either ice-cold 
PBS, 2 mM EDTA, 0.5% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis MO) or 
normal SC, re-suspended in 40µL of the same buffer and 2 µL magnetic anti-biotin 
microbeads (Miltenyi Biotech Inc. San Diego, CA) for 10 min on ice or at room 
temperature. Cells were then washed and resuspended in either cold PBS, 2 mM 
EDTA, 0.5% BSA or SC and added to a MS magnetic sorting column attached to a 
MiniMACS™ Separator (Miltenyi Biotech Inc. San Diego, CA). Following two separate 
washes with 1 mL cold PBS, 2 mM EDTA, 0.5% BSA or SC to remove non-labeled cells 
from the column (flow-through fraction) the column was detached from the magnet and 
cells were eluted using gentle plunging (retained fractions). Cells were then subjected 
to analysis. Alternatively, the retained fraction was re-inoculated for a second interval 
of aging and purification, while the flow-through fraction was discarded.  
As another alternative, cells were stained with WGA-Alexa Fluor® 647 (Thermo 
Fisher Scientific, Waltham, MA) and fixed in 4% paraformaldehyde for 30 min. Following 
this, cells were labeled with magnetic anti-biotin beads and purified as described above.  
To allow continuous growth of mother cells labeled with magnetic microbeads 
against biotin under constant perfusion we constructed a perfusion system linking a 
source of growth medium (YPD) to a peristaltic P-1 pump (Pharmacia Biotech, NJ)  that 
drove continuous perfusion of the retention column attach to the magnet, into waste 
containing. To allow pressure equilibration, both medium-source and waster container 
were accessible to air through a Acrodisc 25mm syringe filter (Pall Cooperation, Port 
Washington, NY). After biotinylation, cells were inoculated in YPD for 2 hrs which we 
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found significantly improved subsequent labeling with anti-biotin beads and retention 
within the sorting column over extended periods of time. Cells were then labeled with 
magnetic anti-biotin beads and loaded onto the retention column. The assembled 
perfusion system was placed at 30°C for the entirety of the growth period. Following the 
aging, the sorting column was detached from the magnet and washed. The retained 




5.4. Supplementary information:  
Supplementary Figure 8: Protocol for retention of aging mother cells during 
continuous perfusion. a) Outline of the protocol and schematic representation of the 
fluidic perfusion system assembled around the magnetic retention column (see 
experimental procedures). b) Representative image of cells within the retained fraction 
following continuous growth within perfusion system for 18h and staining with WGA-
Alexa647. c) Quantification of the age distribution within the retained fraction of the 
experiment outlined above. We note that less cell divisions occurred in this setup 
compared to the equivalent experiment using two intervals of growth for 18h in 25mL in 
the shaking incubator (compare Figure 24c). This might reflect differences in nutrient 
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